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Abstract
A compound parabolic collector has been used in the present study to lower operating costs per unit of heat increase compared 
to other tracker concentrators. This type of collector has been given more attention in industrial and domestic applications in the 
temperature range of 60 to 300 °C. Also, to increase the thermal efficiency, nanofluid containing SiO2 nanoparticles in ethylene 
glycol–water hybrid base fluid (10–90 vol.%) have been used in three different volumetric fractions. The innovation of this 
present study includes the utilization of mentioned nanofluids for the first time in this collector, which has good stability and is 
cost-effective compared to other nanoparticles. In addition, the experimental measurement of thermal and hydraulic properties of 
nanofluids represents new aspects of the present study. The experiments used three volumetric fractions of 0.5%, 1%, and 1.5% 
under extensive solar radiation. Thermal performance of the collector at four volumetric flow rates of 1, 1.5, 2, and 2.5 Lit/min 
have been investigated according to ASHRAE standard 93–2010 (RA2014). According to the experimental data, the thermal 
efficiency of the collector improved by 5% to 11.6% when the nanofluid was applied. The maximum enhancement of the aver-
age Nusselt number of the nanofluid versus the base fluid at the volumetric flow rate of 1 Lit/min and the volumetric fraction of 
1.5% was equal to 7.3%. Besides, nanofluid increased the pressure drop, and consequently, the pumping power slightly. Finally, 
considering both the impacts of heat transfer and pressure drop, performance evaluation criteria and overall efficiency for nano-
fluid have been analyzed. The results represented that in all volumetric fractions, the values of performance evaluation criteria 
and overall efficiency enhanced compared to the base fluid. This research provides researchers and engineers with important 
information to better understand the thermal and hydraulic parameters of the parabolic compound concentrator in the presence 
of nanofluid to improve its thermal performance. The results also highlight the potential of using SiO2 nanoparticles to improve 
the thermal efficiency of solar collectors despite their low thermal conductivity compared to other conventional nanoparticles.

Keywords  Compound parabolic collector (CPC) · Nanofluid containing silica · Heat transfer · Thermal efficiency · 
Experimental investigation

Nomenclature
Aa	� The CPC collector aperture area 

(
m2

)
Ar	� The absorber tube area 

(
m2

)
C	� Concentration ratio
Cp	� Specific heat of the heat transfer fluid ( j∕kg.K)

f 	� Friction factor
FR	� Heat removal factor
H	� Height of CPC collector ( m)
h	� Heat transfer coefficient ( W∕m2.K)
Ieff 	� Efficient solar irradiation ( W∕m2)
k	� Thermal conductivity ( W∕m.K)
ṁ	� Mass flow rate ( kg∕s)
Nu	� Average Nusselt number
Q̇s	� Total solar radiation rate ( W)
Q̇u	� Net useful heat gain rate ( W)
r	� Radius ( m)
Re	� Reynolds number
T 	� Temperature ( K)
TAmb	� Ambient temperature (K)
Tfave	� Average temperature of the fluid (K)
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Tr	� Reduced Temperature ( ◦Cm2∕W)
Ts	� Mean temperature of the absorber surface ( K)
UC	� Uncertainty
UL	� Heat loss coefficient ( W∕◦Cm2)
um	� Average fluid velocity ( m∕s)
V̇ 	� Volumetric flow rate ( Lit∕min)
W 	� Width of the CPC collector ( m)
Ẇp	� Pumping power ( W)

Greek Symbols
ΔP	� Pressure drop ( pa)
�el	� Electrical efficiency
�0	� Maximum optical efficiency
�ovr	� Overall efficiency
�th	� Thermal efficiency
�	� Incident angle ( ◦)
�	� Dynamic viscosity ( Pa.s)
�	� Density ( Kg∕m3)
�	� Volumetric fraction
�	� Dynamic viscosity ( Pa.s)

Subscripts
ai	� Inner surfaces of the absorbent tube
ao	� Outer surfaces of the absorbent tube
bf	� Base fluid
Exp	� Experimental
f 	� Fluid
fi	� Inlet heat transfer fluid
fo	� Outlet heat transfer fluid
nf	� Nanofluid
np	� Nanoparticle

Abbreviation
CPC	� Compound parabolic concentrator
CTC​	� Cylindrical trough collector
EG	� Ethylene glycol
ETC	� Evacuated tube collector
FPC	� Flat-plate collector
HFC	� Heliostat field collector

HTF	� Heat transfer fluid
LFR	� Linear Fresnel reflector
NF	� Nanofluid
NP	� Nanoparticle
PDR	� Parabolic dish reflector
PEC	� Performance evaluation criterion
PTC	� Parabolic trough collector
SHC	� Specific heat capacity
TE	� Thermal efficiency
TP	� Thermal performance
VRF	� Volumetric flow rate

Introduction

An increase in demand for energy, the reduction in con-
sumption of fossil fuel environmental considerations, and 
the increasing cost of their use deems necessary to develop 
new energy-saving methods (Dadashi et al. 2022; Unar et al. 
2021). In addition, the consumption of fossil fuels increases 
the concentration of greenhouse gases and global warming. 
Solar energy is one of the renewable energy sources avail-
able to humans that has received significant attention. In 
this regard, solar energy can fulfill the need of countries 
(Esfanjani et al. 2022).

Due to the broad range of acceptance angles and non-sun-
tracking configurations, non-imaging collectors are used in 
home and industrial applications in the temperature range 
of 60 to 300 °C. In particular, research and development 
on CPC collectors have been extensive since the 1980s, but 
studies on CPC collectors with tubular receptors are more 
limited, although it possesses a high potential in industrial 
and domestic applications at low and medium temperatures 
(Brunold et al. 1994; Fernández-García et al. 2010; Naveen-
kumar et al. 2021). However, interest in using collectors 
with low and medium temperatures has recently increased 
(Panahi et al. 2019). Table 1 displays the position of CPC 

Table 1   Different types of 
solar collector in thermal usage 
(Kalogirou 2014)

Motion Collector type Concentration ratio Absorber type Indicative tem-
perature range 
( ◦C)

Stationary FPC 1 Flat 30–80
ETC 1 Flat 50–200
CPC 1–5 Tubular 60–240

Single-axis tracking CPC 5–15 Tubular 60–300
LFR 10–40 Tubular 60–250
CTC​ 15–50 Tubular 60–300
PTC 10–85 Tubular 60–400

Two-axis tracking PDR 600–2000 Point 100–1500
HFC 300–1500 Point 150–2000

12170 Environmental Science and Pollution Research (2023) 30:12169–12188



1 3

collectors among various types of collectors (Kalogirou 
2014; Ustaoglu et al. 2016).

Improving the efficiency of solar collectors using various 
methods provides the basis for more use of solar energy. To 
improve the TE of solar collectors, many researchers have 
proposed ways to enhance the heat transfer rate between the 
absorber and the HTF whereas enhanced heat transfer prop-
erties of HTF are a preferred approach. For example, NFs, 
which are NP suspensions (less than 100 nm in size), can 
be added to HTF to increase their thermal properties and, 
consequently, the TE of the collector. In recent years, NFs 
have been promising in various heat transfer applications, 
particularly in solar collectors, due to their enhanced thermal 
conductivity compared to pure fluids (Bellos et al. 2020; 
Izadi et al. 2013; Sajjadi 2021; Shafiey Dehaj et al. 2020; 
Yan et al. 2020). Most recent studies have reported signifi-
cant enhancements in the thermal and optical performance 
of solar collectors operating on NFs. The TE showed pro-
portionally dependent on the concentration of NPs in regular 
fluids with reasonable values (Izadi et al. 2014; Shehzad 
et al. 2021; Xiong et al. 2021a, 2021b). It should be noted 
that many studies have examined NF-based solar collectors 
experimentally and numerically so far. Ezadi and Haj Asaad 
(Izadi & El Haj Assad 2021) investigated the use of NF in 
solar energy systems in detailed research. They explored dif-
ferent types of collectors as well as one of the most impor-
tant passive methods in increasing the efficiency of solar 
energy absorption, namely the use of NFs as the working 
fluid. In a review article, Xiong et al. (Xiong et al. 2021a, 
2021b) provide an overview of the distinct types of particles 
used in NF research with an emphasis on their application 
in solar collectors. In this review, works concerning the 
application of NFs in solar collectors are singled out and 
analyzed. They concluded that non-metallic NP-based NFs 
could be more beneficial for the efficiency enhancement of 
solar collectors compared to metal NP-based NFs.

The application of NFs containing silica has been con-
sidered by many researchers due to its cost-efficient and 
good stability suspension of NPs (Khaledi et al. 2022a, b; 
Kharabati et al. 2021; Rostamian et al. 2022). Javanian et al. 
(Jouybari et al. 2017) studied the TP of deionized water-
SiO2 with volumetric fractions of 0.2%, 0.4%, and 0.6% in 
an FPC with a porous metal channel, and they showed that 
the TE improves by 8.1%. Their results showed that rais-
ing the volumetric fraction of NPs from 0.2 to 0.6%, the 
PECnf increases at VFR of 0.5 Lit/min from 1.07 to 1.34. 
In addition, Sharafeldin et al. (Sharafeldin and Gróf 2018) 
studied SiO2-water NFs in a collector with direct adsorption 
in evacuated tubes. The researchers came to this conclu-
sion that due to agglomeration problems at higher concen-
trations, the proper concentration was 1%. The impact of 
SiO2 dispersed in EG-water on TP of FPC was studied by 
Salavati et al. (Salavati Meibodi et al. 2015). Their outcomes 

highlight the extraordinary ability NPs of SiO2 despite its 
lower thermal conductivity than oxide NPs in increasing the 
TP of FPC. In experimental research, Farhana et al. (Farhana 
et al. 2021) studied the effect of crystal nano-cellulose NFs 
(CNC) on the TE of FPC. They first measured the thermo-
physical properties of two NFs, Al2O3/EG-water, and CNC/
EG-water, and then showed the energy gain, HTF outlet tem-
perature, and TE of the FPC when using the NF. Okonkwo 
et al. (Okonkwo et al. 2020) developed a numerical ther-
mal model to evaluate the performance of an FPC based on 
Al2O3/water NF and Fe-Al2O3/water hybrid NF to investi-
gate the first and second rules of thermodynamics. Their 
results represented that the use of Al2O3/water at a volumet-
ric fraction of 0.1% showed a 2.16% increase in heat in the 
collector, while hybrid NFs reduced the TP of the collector 
by 1.79% compared to water. They showed that although 
the usage of hybrid NFs does not provide a superior thermal 
choice for water, but exergy efficiency increases when using 
hybrid NFs and mono NFs.

The utilization of NFs in solar concentrator technology 
has been studied extensively in multitude concentrators 
(Rashidi et al. 2021; Sadeghi et al. 2020; Tahani et al. 2016; 
Xiong et al. 2021a, b). Most studies in this field were for 
PTCs, and there is sufficient research on ETC with reflec-
tors and concentrating photovoltaic thermal (Akbarzadeh 
and Valipour 2018; Mahian et al. 2013). Limited studies 
examined use of NFs in CPC collectors to increase TP. Khal-
edi et al. (Khaledi et al. 2022b) experimentally investigated 
the thermal performance and exergy analysis of a MWCNT-
SiO2 (10–90%)/EG-water (10–90 vol.%) hybrid NF in a CPC 
collector. The results of extensive experiments showed that 
use of hybrid NF leads to an increase in TE compared to the 
base fluid due to the improvement of thermal properties and 
Nusselt number. At a VFR of 2.5 Lit/min and a volumet-
ric fraction of 1.5%, they reported an enhancement in TE 
and exergy efficiency compared to the base fluid by 14.27% 
and 45%, respectively. The test results represented that the 
maximum increase in pumping power using hybrid NF is 
9.72%, which increases the demand for pumping power is 
very small compared to the net production of usable heat 
rate. Kors et al. (Korres et al. 2019) researched the TE of a 
CPC collector with a working fluid of Syltherm 800– CuO 
in a numerical simulation. Results for a volumetric fraction 
of 5% and an inlet temperature of 25 to 300 °C, the aver-
age increment in TE occurs at 1.24%, and the maximum 
enhancement of TE is 2.76%. The average and maximum 
increments in heat transfer coefficient have respectively been 
16.16 and 17.41%. It also was found that using NFs, the 
maximum increase in TE is 2.60%, and the overall efficiency 
increment is up to 2.76%. The result of their study was the 
use of NFs in the CPC collector, which enhances the TE 
alongside a slight pressure drop. Sadeghizad et al. (Sadeghi-
azad and Yahou 2018) studied the heat transfer process in a 
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CPC collector with two hot and cold return tubes utilizing 
Al2O3 NPs in water as the working fluid. Their numerical 
analysis performed using the finite volume method under 
steady-state conditions; they investigated the impacts of 
time on heat transfer inside the tubes during a day. Their 
results illustrated that with the highest temperature differ-
ences between the inlet and outlet of the CPC collector 
tubes, maximum heat transfer occurs at noon. Mahboub et al. 
(Mahbubul et al. 2018) evaluated a CPC collector using a 
discharged water-SWCNT tube as HTF. Their results showed 
a 66% increase in TE when using NF with a volumetric frac-
tion of 0.2%. Lee et al. (Li et al. 2015a, 2015b) tested the 
impacts of water-MWCNTs as NFs on the performance of a 
CPC collector with an internal tracking mechanism with two 
various absorbers tube of a black chrome-plated copper tube 
and a glass tube. The outcomes represented that the highest 
TE of the collector for the absorber tube with black cream 
coating and glass tube was 73% and 85%, respectively. They 
concluded the reason for such behavior could be more reflec-
tion and a drop in emission from the glass surface.

According to the previous studies, most researches have 
presented the effects of various working NFs on different 
collectors. Based on the latest review, there was no research 
done to determine the effect of SiO2/EG-water NF on the 
thermal and hydraulic performance of CPC collectors, 
although Salavati Meibodi et al. (Salavati Meibodi et al. 
2015) found that SiO2/EG-water NF had good thermal prop-
erties. On the other hand, SiO2 NPs have some advantages 
such as easy preparation process, low price, high hydrophilic 
properties, high stability of it with EG-water compared to 
other NPs, no toxicity or flammability when it was using and 
environmentally friendly, that increase its economic poten-
tial and commercialization.

It is worth mentioning that for the first time after making 
a stable SiO2/EG-water NF using an ultrasonic technique, 
the thermophysical and hydraulic properties of SiO2/EG-
water NF have been measured and calculated at different 
concentrations and temperatures. Besides, examining what 
extent thermal and hydraulic performance of CPC collectors 
is affected by adding SiO2 NPs, different concentrations and 
using various VFRs are deeply investigated in this paper. 
A detailed discussion about the effect of environmental 
parameters like ambient temperature and wide range of solar 

radiation spectrum included in the presented work by using 
the reduced temperature parameter as the independent vari-
able in several figures. Also, to simultaneously determine 
the effects of NF on heat transfer rate, the adverse effect 
of increasing the HTF friction factor (pressure drop) and 
increasing the pumping power evaluated by the appropriate 
criteria of PEC and overall efficiency.

Materials and methodology

In this section, the procedure used to prepare the SiO2/EG-
water NF mixtures is discussed. In addition, the experimen-
tal setup is presented. The technical specifications of the 
CPC collector are presented and the geographical location 
and details of the tests site are specified. Then, experimental 
procedure and governing equations descripted.

Preparation of SiO
2
/EG–water (10:90 vol.%) NFs

In order to produce NFs, NPs of SiO2 with a medium size 
of 20–30 nm were dispersed in EG-water (10–90%) based 
fluid. The main thermo-physical properties of SiO2, deion-
ized water and EG are given in Table 2. The NF are prepared 
in volumetric fractions of 0.5%, 1%, and 1.5%. The suspen-
sion is stirred by a magnetic stirrer for 2 h at this stage. 
Afterwards it is placed inside an ultrasonic homogenizer 
with a power of 400 W and 20 kHz in order to decompose 
the aggregation between the NPs and minimize the scale. 
After every 10 min of sonication, the suspension is stirred 
with a stirrer for 20 min. This process is repeated alternately 
to achieve the desired stability. Ultrasonic waves duration 
varies depending on the volumetric fraction. Figure 1 shows 
the SiO2 NPs and prepared NF after 1 month. As can be 
seen, no sedimentation was beheld with the naked eye during 
this period. It should be noted that due to the hydrophilic-
ity of silica NPs, no surfactant was used in the suspension 
process of this NF.

The images of SEM and XRD analysis of SiO2 NPs are 
displayed in Fig. 2. The images of scanning electron micro-
scope are one of the most current and well-known methods 
for studying the size of NPs that are often used by various 
researchers. In addition, XRD analysis is used to analyze 

Table 2   Thermo-physical and textural properties of SiO2 NP and base fluids (Minea 2017; Salavati Meibodi et al. 2015)

Substance Color Purity Density ( kg∕m3) Specific surface 
area ( m2∕g)

Pore size (nm) Thermal conduc-
tivity ( W∕m.K)

Specific heat 
capacity 
( J∕kg.K)

SiO2 white 99.5% 2200 200 24.58 1.4 703
Deionized water - - 996 - - 0.613 4180
EG - - 1115 - - 0.253 2415
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the material, the purity and the crystal size of the NPs used 
in this study.

Experimental setup

The schematic of experimental set-up and its measur-
ing equipment are presented in Fig. 3. Overall, the set-up 
includes measuring equipment, fluid circulation equip-
ment and a test section. In the present study, the test sec-
tion is a CPC collector. This set-up is located in the Sci-
ence and Technology Park of Semnan University in 
Iran. This city, Semnan, is in latitude 35◦

14
′

3.00
′′

N 
and longitude 53◦

55
′

8.99
′′

E , at an altitude of 1350 m above 
sea level. The designed CPC collector is located on a mov-
able and adjustable structure. The CPC collector’s main axis 
is located in the west–east direction and to the south with a 
slope angle of 45. The amount of solar flux measured var-
ied from 650W∕m2 to 1100W∕m2 . A Grundfos-UPS series 
pump was installed at the outlet of the supply tank to circu-
late the HTF in a closed cycle inside the absorber tube and 
the solar system. According to ASHRAE standard 93–2010 
(RA2014) (Ashrae 2014), a heat exchanger was used inside 
the closed cycle to control the inlet temperature to the test 
section. Two PT100-type RTD sensors have been used in 
the test section to detect the inlet temperature and the outlet 
temperature of the HTF. Also, the surface temperature of the 
absorber tube was evaluated by five thermocouple-type K. 
The accuracy of PT100 sensors and thermocouples-type K 
is equal to ± 0.1 °C. The VFR was calculated by a flowmeter 

with an uncertainty ±2% . A bypass line in the cycle has 
been used to the flow airtightness as well as to regulate and 
control the VFR. A solar power meter TES-1333R with an 
uncertainty of ±2.5% was used to determine the radiant heat 
flux. Two pressure transmitters were utilized at the outlet and 
inlet of the absorber tube to estimate the pressure drop of the 
HTF with an uncertainty of less than ±0.1% . An AcoLab-
LX8 data logger server, Aco 240L temperature data logger, 
Aco 724L current data logger and Aco-400P portal weight 
data logger manufactured by Aco Afra Company (shown 
in Fig. 4) was used to record various system variables and 
store test data. The inlet temperature and outlet temperature 
of the HTF, absorber tube surface temperature, ambient tem-
perature, solar radiation at the CPC collector aperture area, 
VFR, pressure drop and wind speed were the experimental 
variables recorded in this test. Table 3 and Fig. 5 display the 
technical specifications of the CPC collector and schematic 
of the coaxial tubular the CPC collector of the present inves-
tigation, respectively.

Experimental procedure

The TP characteristics of the CPC collector are settled in 
accordance with ASHRAE standard 93–2010 (RA2014). 
To determine TE according to the ASHRAE standard, it 
is necessary to maintain stable conditions during the test 
period and for a restricted time before the test which is called 
pre-data period. Consistent with ASHRAE standard, this 
parameter is 15 min, and the data measurement interval is 

Fig. 1   (a) NPs SiO2 belong to 
AROSIL @ 200, (b) The pre-
pared base fluid and NFs after 
one months

Fig. 2   (a) SEM photo of SiO2 
NPs, (b) XRD photo of SiO2 
NP
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5 min in this research. The measured data is also symmetri-
cal with the solar noon, which reduces the number of experi-
ment days. It is important to consider that climate change 
on test days may violate the requirements of the ASHRAE 
standard and impact the measurement of data. To ensure the 
replicability of the tests and gain a satisfactory accuracy, 
each test was duplicated three times. The acceptable vari-
ations of variables and environmental conditions that must 
be achieved to utilization the ASHRAE standard 93–2010 
(RA2014) are listed in Table 4.

Governing equations

Thermal performance analysis of the CPC collector

By measurement, the inlet and outlet temperature of the HTF, 
the net rate of useful heat gain of the HTF could be calculated 
using Eq. (1) (Duffie et al. 1985).

(1)Q̇u = ṁCp

(
Tfo − Tfi

)
= 𝜌f V̇Cp

(
Tfo − Tfi

)

Fig. 3   (a) The CPC collector 
test equipment, and (b) Sche-
matic diagram of the hydraulic 
cycle
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The net rate of useful heat gain of the HTF could be stated 
according to the values of the absorbed energy parameter, FR�0 
and the removed energy parameter, FRUL (Duffie et al. 1985).

The TE of the CPC collector is a measure of its TP 
and is explained as the ratio of the net rate of useful 
heat gain of the HTF to the efficient solar irradiation of 
the incidence on the CPC collector aperture area (Duffie 
et al. 1985).

By replacing the useful energy of Eq. (2) in Eq. (3), the TE in 
steady state condition is obtained as follows (Duffie et al. 1985).

(2)Q̇u = FR

[
AaIeff 𝜂0 − ArUL

(
Tfi − TAmb

)]

(3)𝜂th =
Q̇u

AaIeff
=

ṁCp

(
Tfo − Tfi

)
AaIeff

(4)�th = FR�0 −
FRUL

C

(
Tfi − TAmb

)
Ieff

Fig. 4   (a) AcoLab-Lx8 Data 
logger server, and (b) Different 
temperatures and current data 
logger modules for measuring 
CPC collector variables

Table 3   The materials and technical specifications of the CPC collec-
tor

Parameters Symbols Dimension

CPC Aperture area Aa 0.3795 m2

Acceptance angle �C 35
◦

Collector length L 1.65 m
Collector height Hcpc 0.23 m
Collector width Wcpc 0.23 m
concentration ratio C 1.7
optical efficiency �0 0.67

Glass envelope Outer diameter Dgo
59 mm

Inner diameter Dgoi
54 mm

Transmittance �g 0.97
Emittance �g 0.88

Copper absorber tube 
(Selective absorption 
coating)

Outer diameter Dao
42 mm

Inner diameter Dai
38.2 mm

Conductivity ka 400W∕mK

Absorptivity �a 0.93
Emittance �a 0.13

Fig. 5   (a) 3D schematic of the CPC collector, and (b) 2D Schematic of the coaxial tubular CPC collector
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TE tests are performed around noon solar, in conditions 
close to normal incidence irradiation. In this case, the val-
ues of �0, FR و and UL do not change much in the range of 
conditions of the test. TE could be plotted against the 
amount of reduced temperature, 

(
Tfi − TAmb

)
∕Ieff  , which 

will be obtained as a straight line. The crossing of this line 
with the vertical axis represented the FR�0 and the slope 
of the line displays the FRUL∕C from the CPC collector 
(Duffie et al. 1985). A schematic diagram of TE is pre-
sented in Fig. 6.

Convective heat transfer is the main mechanism of heat 
transfer between the absorber tube and the HTF. The Nu is 
therefore utilized as a dimensionless parameter to define 
heat transfer The value of heat transfer coefficient could 
be shown as (Bejan 2004).

According to the definition of heat transfer concepts, 
the Nu between the absorber tube and the HTF is calcu-
lated according to Eq. (6) (Bejan 2004).

(5)h =
Q̇u

2𝜋raoL
(
Ts −

Tfi+Tfo

2

)

Also, the Reynolds number is explained as follows.

Hydraulic analysis of the CPC collector

To calculate the pressure drop in the CPC collector, pressure 
sensors installed at the inlet and outlet of the absorber tube 
are being used. By having the pressure drop, the friction 
factor and the demanded pumping power could be calcu-
lated. The value of the empirical friction factor is estimated 
according to Eq. (8) (Çengel and Cimbala 2013).

where um is the average velocity of the HTF in the absorber 
tube and is calculated from Eq. (9) (Çengel and Cimbala 
2013).

The demanded pumping power to circulate HTF in the 
closed cycle is estimated using Eq. (10) (Çengel and Cim-
bala 2013).

Evaluation indexes of the CPC collector

The PEC and the overall efficiency of the CPC collector are 
being employed to simultaneously evaluate the increasement 
of heat and the rise of pressure drop. In general, the outcomes 
obtained from NFs are apparently attractive regarding ther-
mal properties. Nevertheless, one crucial point needs to be 
disputed. In fact, increasing the dynamic viscosity of NFs 

(6)Nu =
2hrai

kf

(7)Re =
2𝜌f V̇

𝜋rai𝜇

(8)fExp =
ΔPExp

L

2rai

(
1

2
�f u

2
m

)

(9)um =
ṁ

𝜌f𝜋r
2
ai

(10)Ẇp =
ṁΔP

𝜌f
= V̇ΔP

Table 4   Requirements for 
environmental conditions and 
allowable values of parameter 
variations according to 
ASHRAE standard (ASHRAE 
2014)

Parameters Ranges Maximum variations

Solar heat flux > 800W∕m2 ±32

The fraction of diffusion 20 % (maximum)   -
Wind velocity 2m∕s < u < 4m∕s -
Environmental temperature - ±1.5K

The rate of flow - ±2 % or ± 0.005 gpm, which is greater  
Inlet temperature - ±2 % or 1K, which is greater  

Fig. 6   Schematic diagram of the  thermal efficiency curve (Duffie 
et al. 1985)
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certainly involves the increasement of pressure drop within 
the system, followed by enhancing the work of the associ-
ated pump. As a result, even if enhancement in heat transfer 
is observed, the demanded pumping power rises compared 
to the base fluid. This is due to a considerable increasement 
in dynamic viscosity that may end in an unfavorable energy 
balance. There exist diverse methods to describe the energy 
performance of liquids in a particular device (Sahiti et al. 
2006). A criterion based on the general energy approach is 
the PEC calculated according to Eq. (11). This criterion is 
explained as ratio the net rate of useful heat gain of the HTF 
to the demanded pumping power (Ferrouillat et al. 2011; Roy 
et al. 2012).

The next indicator is the overall efficiency, which alters the 
demanded pumping power parameter into primary energy and 
subsequently this amount of energy is deducted from the net 
rate of useful heat gain (Hasanpour et al. 2014; Wirz et al. 
2014).

The electrical efficiency is usually 33%.

Results and discussion

Uncertainty analysis

To accomplish a prosperous experiment, the analysis of the 
uncertainty is needed to measure the accuracy of the measure-
ment. The parameters calculated in the present study could get 
divided into two categories. The first category is directly meas-
ured with laboratory instruments such as VFR, radiant heat 
flux, temperature, etc. The second category involves dependent 
parameters such as TE, Reynolds number, friction factor and 
demanded pumping power. The proposed method of uncer-
tainty in heat transfer parameters is Kline and MCclintock 
method, which can be estimated using the root-sum-square 
method of every single separate inputs. The general form of 
this method is as follows (Sabatelli et al. 2002).

where UC,X(R) and UXi
 indicate the uncertainty of the 

parameter R and the independent variable Xi , respectively. 

(11)PEC =
ṁCp

(
Tfo − Tfi

)

V̇ΔP

(12)𝜂ovr =
Q̇u −

Ẇp

𝜂el

AaIeff

(13)R = f
(
X1,X2,… ,XN

)

(14)UC,X(R) =

{
N∑
i=I

(
�R

�Xi

UXi

)2
}0.5

N in this relation is the number of independent variables. 
With the help of certain mathematical calculations, the rela-
tive uncertainty of TE is extracted according to Eq. (3) as 
follows.

By ignoring variation of Aa , �f  and Cp , the relative uncer-
tainties of the other parameters measured are as follows.

Therefore, after the process of calculating the uncertainty 
of other important measured parameters, the maximum 
uncertainty is presented in Table 5. According to the engi-
neering application of the conducted tests, these numbers 
are in an acceptable range.

Thermo‑physical properties of the examined NF

For the purpose of representing the effect of suspension of the 
NP on the base fluid, the thermophysical properties of the NF 
are investigated in the first step. In this research, the thermal 
conductivity of NFs has been measured with the help of KD2 
Pro device besides with KS1 sensor. Also, the dynamic vis-
cosity of the NF is measured using the Brookfield DV1 Prime 
with UL Adapter and LAUDA RA8 temperature bath at the 
studied temperatures. It should be noted that due to the slight 
difference between the theoretical relationships of density 
and SHC with experiment values, these two parameters have 
been calculated using a single-phase model and mixing theory. 
This matter is also common in past research. The single-phase 
method is based on calculating the thermo-physical proper-
ties of NF based on the volumetric fraction of NPs. The NP 

(15)

U𝜂th

𝜂th
= [(

𝛿V̇

V̇
)2 + (

𝛿𝜌f

𝜌f
)2 + (
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Cp

)2 + (
𝛿Aa
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)2 + (
𝛿Ieff

Ieff
)2 + (
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)2]0.5

𝛿(Tfo−Tfi)
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≤

[
(
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)2 + (

𝛿Tfi

Tfi
)2
]0.5

= 1.01%

(16)
𝛿V̇

V̇
≤ 1.8%,
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≤ 2.5%

(17)
�f

f
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2�u

u
)2 + (

��

�
)2 + (

�l

l
)2 + (

�DH
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)2 + (
�p

p
)2]0.5

Table 5   Uncertainty of measured parameters

Parameter Symbol Uncertainty

Thermal efficiency �th 3.2%
Overall efficiency �ovr 3.7%
Friction factor fExp 3.6%
Nusselt number Nu 3%
Reynolds number Re 3.5%
Pumping power Ẇp

2.08%
Performance evaluation criterion PEC 2.25%
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is symbolized with (np) while the NF and the base fluid are 
symbolized with (nf) and (bf), respectively.

The density of the NF could be evaluated utilizing the fol-
lowing formula (Loni et al. 2016; Saedodin et al. 2021).

(18)� =
Vnp

Vnf

=
Vnp

Vbf + Vnp

(19)�nf =
mnf

Vnf

= (1 − �)�bf + ��np

The SHC is modeled based on the reference analysis 
(Khanafer and Vafai 2018; Rashidi et al. 2018). This model 
is a function of the product of NF density multiplied by 
SHC, which is a role of the properties of NPs and the base 
fluid.

(20)

Cp,nf =
�
(
�Cp

)
np
+ (1 − �)

(
�Cp

)
bf

�nf
=

�
(
�Cp

)
np

�nf
+

(1 − �)
(
�Cp

)
bf

�nf

Fig. 7   Thermo-physical properties of NF versus different temperatures and volumetric fractions
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Figure 7 displays the thermal conductivity, dynamic viscos-
ity, density and SHC, respectively. The thermal conductivity 
of HTFs increased due to adding NPs into base fluid. Fig-
ure 7a shows that the value of enhancement in thermal conduc-
tivity of NF has about 0.62%, 1.24% and 1.86% than the base 
fluid in volumetric fraction of 0.5%, 1% and 1.5%, respectively. 
In addition, it is obvious that with increasing fluid tempera-
ture, thermal conductivity has an increasing rate. The pattern 
of increase in thermal conductivity can be discussed following 
the theory of Brownian motion. At higher temperatures the col-
lision between particles rises as it leads to an enhancement in 
Brownian diffusion, which enhances the thermal conductivity. 
Also, NPs in the base fluid increase the thermal conductivity by 
decreasing the thickness of the thermal boundary layer, which 
rises the convection heat transfer. Brownian motion, shear action 
and spatial gradient in viscosity and distribution non-uniform 
conductivity in addition to the migration of NPs in the base fluid 
are the roots of the increase in NF thermal conductivity (Ding 
& Wen 2005).

The dynamic viscosity of the HTFs also plays an significant 
role in the performance of the solar collectors. Figure 7b repre-
sents that NF in volume fraction of 0.5%, 1% and 1.5% has about 
1.27%, 2.57% and 3.89% higher dynamic viscosity compared 
to the EG-water. Furthermore, the dynamic viscosity decreases 
with increasing fluid temperature and this phenomenon is also 
reported by previous studies (Azmi et al. 2016). The dynamic 
viscosity of NFs rises due to the enhancement of internal shear 
stress and then increasing the volumetric fraction of NPs has 
a greater effect on this shear stress (Jabbari et al. 2017). The 
intermolecular interactions between particles are reduced at low 
temperatures. At higher temperatures, molecules obtain higher 
kinetic energy, which facilitates increased fluid motion and 
decreases dynamic viscosity (X. Li et al. 2015a, b). According 
to Newtonian fluid theory, shear stress and shear rate are directly 
related and dynamic viscosity remains constant. In this research, 
NFs at various volumetric fractions showed non-Newtonian 
behavior because the dynamic viscosity decreases with increas-
ing shear stress at any given individual temperature.

To study density behavior, the density of the EG-water and 
NFs with various volumetric fractions in the temperature range 
of 15 to 75 °C has been calculated according to Eq. (19) and 
its data are shown in Fig. 7c. As shown in the figure, density 
enhanced with an increase in volumetric fractions of NFs 
(Nabati Shoghl et al. 2016) and decreases with an increase in 
temperature (Vajjha and Das 2009). The density of the NFs is 
higher than that of the base fluid. The minimum and maximum 
increase of density of the NFs are 0.60% and 1.82%. The data 
obtained from the SHC of the NF according to the Eq. (20) in 
all volumetric fractions are shown in Fig. 7d. There is a good 
relationship between SHC and thermal conductivity, especially 
with thermal diffusivity as NFs can diffuse heat much better than 
base fluid. Increasing volumetric fraction of NFs reduces the 
SHC of NFs due to increased thermal diffusivity of NFs (Sekhar 

et al. 2013). According to Fig. 7d, the SHC of the NF is less than 
the base fluid and the average value of the reduction in SHC of 
the NF is between 0.89 and 2.67%.While with increasing fluid 
temperature, the SHC increases. At this stage, it is useful to note 
that the values of thermal conductivity, density, and SHC of 
the NF are almost between the NPs and the values of the base 
fluid. These observations fully justify the results obtained from 
the studied NF, which convey higher thermal conductivity and 
density compared to the base fluid. Nevertheless, lower SHC 
than the base fluid is also observed. The dynamic viscosity of 
the NF is higher than the base fluid because the presence of NPs 
provides more resistance in fluid flow.

Thermal performance analysis of the CPC collector

The highest motivation for researchers to use nanofluids (instead 
of common fluids) is their improved thermal properties. Convec-
tive heat transfer and thermal efficiency are two important fac-
tors that are needed to be increased to give a better thermal per-
formance in CPC collector. SiO2/EG-water NF with 0.5%, 1%, 
and 1.5% volumetric fraction was used in the CPC collector as 
the HTF to assess the influence of different VFRs from 1 to 2.5 
Lit/min. At first, to achive a greater level of understanding the 
impact of NF on the TP of the CPC collector, a smooth three‐
dimensional plot is drawn in Fig. 8. This diagram shows the 
simultaneous impact of VFR and volumetric fraction of NF on 
TE. As it is seen in the figure, the improvement of the TE of the 
NF compared to the base fluid is quite clear. TE also increases 
with increase in volumetric fraction and VFR of NF. As the VFR 
increases, the Reynolds number increases, thereby increasing the 
Brownian motion. The force generated from the collision of par-
ticles and molecules of the HTF induces the Brownian motion 
of the particles and this affects the heat conduction significantly 

Fig. 8   The three‐dimensional plot of TE versus volumetric fraction 
and VFR of NF
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(Kleinstreuer & Xu 2016). NPs collide with the absorber tube 
wall with the properties of Brownian motion and dispersion, 
absorb heat, and go back to the mainly liquid part, which is good 
for heat transfer. Accordingly, the increase in the VFR of the 
fluid augments the contact of particles with the heat surface and 
this increases the heat transfer coefficient (Zeinali Heris et al. 
2011). This behavior may be related to the change of collector 
TE with HTFs. Since less energy is dissipated at the VFR of 
2.5 Lit/min for NF at volumetric fraction 1.5%, the highest TE 
(59.02%) is related to this VFR.

Figure 9 shows the effect of volumetric fraction on the char-
acteristics of TE curves for different VFRs. Although the curve 
variations for base fluid and NFs are similar, but TE is signifi-
cantly higher when NFs are used. By rising the concentration 
of NPs from 0.5 to 1.5%, the TE increases by approximately 5 
to 11.6% when the reduced temperature is near 0. By increas-
ing the reduced temperature factor, the impact of NF on the TP 
of the collector is greater and the difference in TE between the 
NFs and EG-water increases. Although the thermal conductiv-
ity of SiO2 NPs is equal to 1.4 W/m.K, which is less than the 

Fig. 9   Characteristic curves of CPC collector in various volumetric fraction and VFRs of (a) 1.0 Lit∕min , (b) 1.5 Lit∕min , (c) 2.0 Lit∕min , and 
(d) 2.5 Lit∕min  
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other NPs (Hasanpour et al. 2014; Mahian et al. 2017), the rate 
of increasement in TE of the CPC collector is significant. It is 
worth noting that the thermal conductivity of NFs is not the 
only key parameter that improves heat transfer and at the same 
time affects the TP of the collector. This improvement could 
be affected with various factors. NFs have a smaller SHC than 
the base fluid and its amount reduces with rising the volumetric 
fraction. Therefore, the use of NPs causes the outlet temperature 
of HTF to be higher. According to the definition of TE equa-
tion (Eq. (3)), when the increasement in outlet temperature of 
HTF overcomes the decrease in SHC of HTF, it can lead to the 
improvement of TE. Another parameter affecting heat transfer 
is the change in thickness of the thermal boundary layer, which 
can be analyzed by knowing the distribution of the temperature 
of operating HTF near the wall of the absorber tube. The heat 
transfer coefficient is written as follows (Bejan 2004).

Utilizing scale analysis of �T , the heat transfer coefficient 
could be obtained as follows (Bejan 2004).

From a microscopic point of view, Brownian motion of NPs 
and their re-arrangement due to nonuniform shear rate in the 
absorber tube can decrease the thickness of the boundary layer 
(Alim et al. 2013). Therefore, reducing the thickness of the ther-
mal boundary layer in the NF flow plays an important role in 
improving the TP and compensating for its lack of thermal con-
ductivity. On the other hand, deposition of NPs on the inner sur-
faces of absorber tube makes an artificial layer which increased 
the surface wettability, capillary effect, TE of the collector, while 
it decreased thermal resistance by decreasing the bubble forma-
tion rate at the solid–liquid interface (Rezaeian et al. 2021).

Figure 10 displays the impacts of VFR on the characteristics 
of the curve of the TE for different volumetric fraction of NF. 
The changes in the TE of the CPC collector for four VFRs of 
the base fluid as the HTF compared to the reduced temperature 
parameters is shown in Fig. 10a. It can be recognized that the 
TE of the CPC collector is minimal at the VFR of 1 Lit/min and 
rises are seen in TE (from 51.9 to 54.75%) as VFR is enhanced 
to 2.5 Lit/min. Figure 10b to d shows the TE of SiO2/EG-water 
NF in volumetric fractions of 0.5%, 1%, and 1.5% with differ-
ent VFRs (1, 1.5, 2 and 2.5 Lit/min), respectively. According 
to these figures, when the VFR of the HTF enhances, the TE of 
the collector improves. Different factors influence the TE of a 
CPC collector. VFR, inlet temperature of HTF, and coefficient 
of heat transfer are effective internal factors of the collector, and 
solar radiation and ambient temperature are external effective 

(21)h =

−Kf

(
�T

�r

)
r=R

TS − Tfave

(22)h ∼
Kf

(
ΔT

�T

)

ΔT
∼

kf

�T

factors of the collector. One of the internal main factors is the 
VFR of the HTF. At a low VFR, the HTF had a greater chance 
to transfer heat, so that the difference between the inlet and 
outlet temperatures of the collector was enhanced. Table 6 rep-
resents this relationship. As it is clear in this table, as the VFR 
and fluid speed were enhanced, the difference between the inlet 
and outlet temperature of the collector has decreased. Accord-
ing to Eq. (1), more volume of fluid gained energy with the 
increase in VFR, which leads to a decrease in heat loss. Also, 
the multiplication product of the VFR in the temperature rise 
is so that the energy absorption rate increases even when the 
VFR is increased; hence, the TE of the collector is improved. 
The lower the temperature difference between the inlet fluid of 
the collector and the surrounding environment, in other words, 
the smaller the reduced temperature, the lower the heat losses 
and the higher the TE of the collector will be. Therefore, the 
increase in ambient temperature enhances the TE of a collec-
tor and finally increases the outlet temperature of the collector 
(Zhang et al. 2006). This is clearly seen in Figs. 9 and 10. As 
shown in Fig. 9a to d, the maximum TE of CPC collector for 
base fluid, NF with volumetric fraction of 0.5%, NF with volu-
metric fraction of 1% and NF with volumetric fraction of 1.5% 
as heat transfer fluid was increased to 54.75%, 57.53%, 58.4%, 
and 59.02%, respectively, when the VFR of was enhanced to 
2.5 Lit/min. Therefore, the ideal VFR can be set to 2.5 Lit/
min. One of the significant results in Table 6 is the increase in 
the outlet temperature of the HTF from the collector with the 
increase in volumetric fraction. Addition of SiO2 NPs to the 
base fluid leads to the internal surface temperature of absorber 
tube reduces. Therefore, more solar radiation is absorbed by 
the NF-absorber tube and converted to thermal energy. In addi-
tion, it was found that increasing the volumetric fraction of NPs 
causes an improvement in the effective thermal conductivity 
and increases the heat transfer coefficient. This event increases 
the outlet temperature of the HTF and enhancment the TE.

The properties extracted from the TE curves for base fluid 
and NFs are presented in Table 7. It is observed that NFs with 
higher volumetric fraction can increase the FR�0 and also it 
reduces the FRUL . According to this table, at VFR of 2.5 Lit/
min, using NF with a volumetric fraction of 0.5%, 1% and 
1.5%, respectively, the TE is increased by 2.7%, 3.65%, and 
4.27%. Due to the removed energy parameter ( FRUL ) is lower 
with SiO2 than with base fluid. In the CPC collector with NF, 
the movement of NPs, such as Brownian motion and other 
irregular motions, increases the collision of the fluid flow 
with the wall of the absorber tube, and as a result, the coef-
ficient of convection heat transfer increases. The increase of 
the net rate of useful heat gain leads to a decrease in average 
temperature of the absorber tube surface, which means less 
heat loss. Finally, TE increases and less energy is lost. Also, 
at a constant VFR, with the increase in volumetric fraction 
of NF, the amount of absorbed energy parameter increases 
and as a result, the TE increases. Because the fraction of 
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incoming radiation absorbed by the fluid depends on its atten-
uation coefficient. When NF is used as the HTF, its damp-
ing coefficient increases by increasing the volumetric com-
ponent of NF. At low volumetric fraction, little radiation is 
absorbed by the NF and the rest hits the wall and is reflected. 
As the volumetric fraction increases, the amount of radiation 
absorbed by the NF increases and as a result the temperature 
of the outlet NF increases, which leads to higher TE. But the 
TE increases to a certain extent with the increase of volumet-
ric fraction of NF, and then it does not change much, in other 
words, it behaves independently of the volumetric fraction. 

Fig. 10   Characteristic curves of the CPC collector in various VFRs and volumetric fraction of (a) 0%, (b) 0.5%, (c) 1.0%, and (d) 1.5%

Table 6   The inlet and outlet temperature difference of the HTF at the 
ambient temperature 25◦C

ΔT = Tfo − Tfi  

Volumetric 
flow rate ( Lit

Min
)

� = 0.0%   � = 0.5%   � = 1.0%   � = 1.5%  

1.0 2.73 3.08 3.18 3.22
1.5 1.93 2.06 2.12 2.19
2.0 1.40 1.58 1.64 1.66
2.5 1.12 1.26 1.29 1.34

12182 Environmental Science and Pollution Research (2023) 30:12169–12188



1 3

The reason for this is that by increasing the volumetric frac-
tion of NF, the convective heat transfer coefficient of the 
HTF increases and consequently, the value of the overall heat 
transfer coefficient is increased, which leads to an increase in 
thermal dissipation due to the difference between the HTF 
temperature and the ambient temperature.

A comparison of Table 7 and Fig. 9 shows that the TE 
increases with the increase in VFR, regardless of the type of 
HTF (base fluid or NF). This phenomenon can be attributed to 
the fact that although the HTF experiences a higher tempera-
ture rise at lower VFRs than at higher VFRs because the HTF 
remains in the absorber tube for a longer period of time, the 
lower VFRs entail more heat losses by convection and radi-
ance. Therefore, when the flow rate is increased, since the NF 
is exposed to sunlight for a shorter period of time, the heat loss 
to the outer environment is lessened, and as a result, the TE of 
the CPC collector is enhanced with the increase in the VFR. In 
general, the results of the experiments show that the TE of the 
CPC collector is improved with the increase in VFR.

To better compare the characteristics of the curve of TE, 
the changes of the FR�0 and the FRUL are shown in Fig. 11 in 

terms of volumetric fraction and VFR. Figure 11a shows the 
relative effect of base fluid and NF for each VFR on the maxi-
mum TE of the CPC collector. Absorbed energy parameter 
rises with enhancing both volumetric fraction of NFs and VFR. 
The maximal growth of the FR�0 occurs in the concentration 
range from 0.5 to 1.5% at VFR of 2.5 Lit/min. According to 
this diagram, the highest increment in the FR�0 compared to 
the lower concentration occurs in the volumetric fraction of 
0.5%. It is followed by the highest increasement in TE com-
pared to the base fluid in the same volumetric fraction. Also, it 
is clear from this figure that using SiO2/EG-Water NF is more 
effective at lower VFRs than base fluid. Figure 11b exhibits 
that the use of NFs reduces the FRUL . This means that heat loss 
in the NF flow is reduced compared to the base fluid. In addi-
tion, the higher volumetric fraction has the lower the heat loss. 
Reducing the FRUL by increasing the VFR at each concentra-
tion is the other outstanding feature of this figure. As the HTF 
passes through the absorber tube rapidly, the heat loss in the 
collector is reduced and, consequently, the FRUL is decreased.

The Nu is utilized as a dimensionless parameter to 
determine the TP of the NF flow of the CPC collector. The 

Table 7   Absorbed energy parameter 
(
FR�0

)
 and removed energy parameter 

(
FRUL

)
 of the CPC collector for HTF

Nanofluids concentration FR�0 FRUL

1 Lit∕min   1.5 Lit∕min   2 Lit∕min   2.5 Lit∕min   2.5 Lit∕min   2 Lit∕min   1.5 Lit∕min   1 Lit∕min  

0% (EG-Water) 0.5190 0.5340 0.5420 0.5475 10.965 12.376 13.209 14.212
0.5% vol 0.5541 0.5643 0.5712 0.5753 7.922 9.078 10.217 10.727
1.0% vol 0.5670 0.5755 0.5810 0.5840 7.123 7.718 8.959 9.8260
1.5% vol 0.5789 0.5862 0.5919 0.5902 5.491 7.344 7.769 8.4660

Fig. 11   Variations of the (a) F
R
�
0
 , (b) F

R
U

L
 versus volumetric fraction in different VFR
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Nu evaluated at the temperature of the inlet fluid is near 
the environment temperature. The use of NFs, as HTFs, 
increases the thermal conductivity inside the fluid and there-
fore the heat transfer coefficient and Nu increases. This fact 
is given in Fig. 12. The enhancement is ranged from 2.36 
up to 7.31%, which seems to be an adequate result. The out-
comes represent that by using the NF, the Nu is improved. 
The Nu also rises with increasing volumetric fraction.

Figure 13 demonstrates the relative increment of the 
Nu in the CPC collector. This parameter is defined as 
Nunf − Nubf∕Nubf  . According to the results, the relative 
increment of the Nu has a reducing trend with rising 
the VFR. Also, at each volumetric fraction of the NF, 
this parameter is more significant at the smaller VFR.

In the final part of this section, it is beneficial to state 
that the utilization of NF leads to an enhancement in heat 
transfer coefficient. Higher values of heat transfer coeffi-
cient facilitate heat transfer from the absorber tube to the 
fluid. Therefore, the temperature levels of the absorber 
tube decrease because of the effective cooling of the NF 
flow. In practice, when the heat transfer coefficient is 
higher, the Ts − Tfave difference is smaller for producing the 
same useful heat rate. Thermal radiation is the main cause 
of heat loss in the absorber tube which is proportional to 

the fourth power of the temperature of absorber tube sur-
face ( T4

s
 ). Therefore, lower temperature of the absorber 

tube surface leads to lower heat loss of thermal radiation 
and it increases the TE of the CPC collector. This mecha-
nism explains the reason why the use of NF is beneficial 
for solar thermal system.

Hydraulic analysis of the CPC collector

The utilization of the NF to improve the TP of the CPC 
collector is associated with an increasement in pressure 
drop at flow direction. Therefore, it is necessary to assess 
the pressure drop in order to have efficient use of this abil-
ity without significantly increasing the pumping power for 
industrial purposes. Also, the friction factor is used both in 
the calculation of pressure drop and heat transfer of fluids; it 
is due to the reason that the determination of pressure drop 
is an important parameter for CPC collector performance. 
Shah’s equation for friction factor (dimensionless pressure 
parameter) for the hydrodynamically developing length Xh 
( Re ≲ 2300,Xh ≈ 0.05DReD ) is used to confirm the experi-
mental results of base fluid in absorber tube as follows (Shah 
and London 1978):

Fig. 12   Changes of the Nu number versus the VFR

Fig. 13   Relative increment of the Nu due to NF
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The values calculated according to Eq. (23) for friction fac-
tor are presented in Fig. 14 and compared to the empirical 
outcomes. The maximum increment in friction factor of 6.8% 
occurs in the volumetric fraction of 1.5%. The results represent 
that the use of NF in all volumetric fractions does not lead to a 
significant increasement in friction factor and as expected, the 
amount of friction factor decreased with increasing the VFR.

An important mechanical aspect of pressure drop is pump-
ing power which is directly related to it. The impact of NF on 
pumping power at different VFRs is presented in Fig. 15. As 
can be seen, by increasing the VFR, the pumping power was 
increased. According to this figure, at low VFR, the pumping 
power of NFs is approximately equal with the base fluid. On 
the other hand, by increasing the VFR, the amount of pump-
ing power in NFs is higher than the base fluid. The maximum 
increasement in pumping power when using NFs at VFR of 2.5 
Lit/min is equal to 3.58%. The NF has a higher dynamic vis-
cosity and it causes a greater pressure drop, which results in an 
extra penalization in the fluid flow enhancement. The pressure 
drop rises the demand for pumping power for fluid circulation.

Also, increasing heat transfer along with enhancing pump-
ing power has been provided by addition of NPs to the base 
fluid. Thus, heat transfer and pumping power results do not 
present the concluding result separately. To assess this situa-
tion, appropriate criteria should be employed. So as to simul-
taneously assess the rise of pumping power and heat trans-
fer, overall efficiency and PEC are being utilized. Figure 16 
represents the overall efficiency diagram at the VFR of 2.5 
Lit/min, which has the highest pumping power. This diagram 

shows that the utilization of NFs in the CPC collector despite 
the increment of pumping power, improves overall efficiency.

The last criterion studied is PEC, the changes of which 
are evaluated against the VFR in Fig. 17. For three volu-
metric fractions (0.5%, 1%, and 1.5%), the PEC value of 
the NFs is higher than that of the base fluid. The PEC of 
NF has a downward trend against the VFR. In addition, 
PEC is almost close to each other with different volumetric 
fractions. The minimum and maximum increase in PEC is 
1.61% and 14.41%. As observed, PEC has a larger value in 
smaller volumetric fractions and in 0.5% volumetric frac-
tion the PEC value is higher than the other two volumetric 
fractions. Finally, by determining the two criteria of overall 
efficiency and PEC, it can be stated that SiO2/EG-water NFs 
are more suitable working fluids in comparison with base 

Fig. 14   Changes of the friction factor (dimensionless pressure) ver-
sus VFR (Line for Shah’s equation and without line for experimental 
results)

Fig. 15   Changes of the pumping power versus the VFR

Fig. 16   Changes of the overall efficiency in VFR of 2.5 Lit/min
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fluid in the CPC collector. It appears that the enhancement 
of pumping power is less important compared to increase of 
heat transfer coefficient and this fact makes the increase of 
pumping power not a limitation in the use of NFs.

Conclusion

In this paper, the TP of a CPC collector with NF contain-
ing silica NPs was experimentally studied. Experiments 
were carried out according to ASHRAE standard 93–2010 
(RA2014) at variation environmental conditions, four VFRs 
and three different volumetric fractions. The main objec-
tive was placed on comparing variation HTFs in terms of 
the TE of collector and evaluation criteria for NF effects on 
collector performance. Some of the highlights of the present 
research are stated as follows:

•	 Compared to the base fluid, the use of SiO2/EG-water NF 
in the CPC collector had higher TE and less heat loss at 
all reduced temperatures.

•	 The outcomes showed that when the reduced tempera-
ture parameter was close to 0, rising the volumetric frac-
tion of NF from 0.5 to 1.5% leads to an increment in TE 
between 5 and 11.6% at different VFR.

•	 The characteristics of the curve of collector per-
formance displayed that the impact of using NPs on 
increasing the TE of the CPC collector was greater in 
higher values of reduced temperature.

•	 As the VFR increased, the TE of the CPC collector for 
the base fluid and NFs enhanced. However, this rate of 
increase in TE for NFs was greater than for the base 
fluid.

•	 At lower VFR, the effect of NP addition on the TE gains 
became more pronounced. At VFR of 1 Lit/min, when 

SiO2 NPs were added to the EG-water, the increase 
in TE were 6.73%, 9.24%, and 11.60% for volumetric 
fractions of 0.5%, 1%, and 1.5%, respectively.

•	 Experimental data represented that the FR�0 decreased 
with rising the VFR of NF.

•	 PEC had a reducing trend with increasing VFR. The 
largest increase in volumetric fraction of 0.5% occurred 
compared to the EG-water.

•	 The maximal increase in friction factor and demanded 
pumping power was 6.8% and 3.58%, respectively.

•	 Analysis of the outcomes showed that SiO2 NPs, despite 
lower thermal conductivity compared to other conven-
tional NPs, had great potential to improve the TP of the 
CPC collector.

This experimental study has provided a more accurate and 
comprehensive insight into the utilization of an oxide NF in the 
CPC collector. It could be perceived that the use of oxide NFs in 
volumetric fractions less than 1.5% in the CPC collector increased 
the TE by imposing a slight pumping power. Finally, improving 
TP and rising the TE of the CPC collector bring about a higher, 
output temperature both in domestic and industrial applications.
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