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Different solar concentrator technologies are used for low medium range tempera-
ture applications. In this paper, a non-tracking compound parabolic collector with
a nanofluid is experimentally analyzed under real climate conditions of a typical
sub-tropical climate Taxila, Pakistan. The collector used for the experimentation
has concentration ratio of 4.17, collector area of 0.828 m* and half acceptance
angle of 24°. The heat transfer fluid used for the study is water based nanofluid
with particles of Al,O;. The investigation is carried out at three different volumetric
concentrations (0.025%, 0.05%, and 0.075%) of nanofluids at flowrates of 0.01
kg/s, 0.02 kg/s, 0.05 kg/s, and 0.07 kg/s are compared with base fluid (water). Com-
parison of system thermal efficiency, solar heat gain, and temperature difference
is presented for different selected days in real climate conditions during months of
March to May. It is observed that performance of the compound parabolic collec-
tor is improved by 8%, 11%, 14%, and 19%, respectively, at considered flow rates
compared to water.

Key words: compound parabolic collector, nanofluid, thermal analysis,
solar thermal systems

Introduction

Solar energy is the most common and abundant form of renewable energy available
in most parts of the world with an approximate potential of around 3.0 million MW [1]. The
building sector has significant share in the total world energy demand. For instance, in devel-
oped countries like the USA, about 50% energy is used by building sector, which is mainly
utilized for heating, cooling, and other applications. In Pakistan, the annual consumption of
energy in building sector is around 30% which indicates an expansion in energy use in the
building sector for developing countries [2]. Apart of the building sector, several industrial
processes are also being executed in low to medium range temperature limits. For this interme-
diate limit, the temperatures lie from about 60-200 °C which is a typical operating zone which
can be covered by various solar thermal collectors. Various daily domestic and commercial
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involve low and moderate quality heat applications such as textile, paints, and food indus-
tries as well as space heating, ventilation, and air conditioning (HVAC) applications [3, 4].
Flat and evacuated tube collectors are considered for low range temperature applications,
while solar concentrators are deemed as medium to high range temperatures solar thermal
collectors. Amongst the concentrating solar collectors, parabolic trough collector is the most
proven industry scale solar heat generation technology [5]. The key solar system for the me-
dium range temperatures is the compound parabolic collector (CPC) for solar thermal driven
applications in different sectors.

The HVAC systems are the main source of energy demand in building sector, espe-
cially in summer due to gradually increase in space heating, cooling, and ventilation require-
ments [6]. In this situation, the use of solar energy via solar thermal systems can play a vital role
to overcome the energy crisis and to reduce the dependency upon traditional fossil fuels [7]. In
thermal market, the low range temperature solar thermal collectors such as flat plate, evacuated
tube and small-scale CPC cover significant share of building sector for heating [8, 9]. A study
investigated a non-tracking CPC with evacuated tube receiver resulting an optical performance
65% and thermal effectiveness as 50% [10]. The tracking system with any solar thermal collec-
tor can result to improve the overall efficiency of the system but it comes with actuation system
and is relatively expensive. A comprehensive study proved that the solar collector with tracking
has performed 15% better than stationary collector [11]. In another study, two new compound
parabolic trough and dish solar collectors were analyzed. It was observed that efficiency is im-
proved about 10% and 20% for linear and convoluted models, respectively [12].

A solar water heating system (SWHS) was also assessed and compared with tradition-
al heating fuels for climatic conditions of Greece. The ratio of benefit cost for SWHS usage in
different sectors like in household, hospital and restaurant was 5.76, 2.74, and 1.31, respective-
ly, [13]. In addition, an experimental study presented the optical and thermal performance of
CPC along with evacuated tube receiver. This study consisted of two parts: geometry design
of CPC and the thermal analysis of solar collectors. It also explained the optical efficiencies
of CPC at different solar angles along its losses [14]. In another study, different design was
proposed to overcome the limitations of CPC related to height, width and low concentration.
The geometry of this study was design with low focus point of parabola and vertical position
of receiver for better optical performance. The set point of the reflector was at a height of 0.46
times compared to its width, i.e. H=0.46D [15].

Performance of solar thermal collector is significantly influenced by heat transfer char-
acteristics of the working fluid. Therefore, nanofluids compared to conventional fluids can play a
vital role to improve the thermal enhancement of such system. In this regard, a study suggested
that the enhancement of heat transfer by suspended nanosized metallic and non-metallic materials
[16] can be significant. The effect of nanoparticles size and their concentration on thermal en-
hancement and conductivity was also analyzed as a key performance parameter [17]. Moreover,
a comprehensive study investigated the thermophysical properties of nanofluids for enhanced
convective heat transfer [18]. Similarly, aqueous based carbon nanofluid was also analyzed [19]
along their effects on mass fraction, temperature, pH and different surfactants. Another study
emphasized on rod-shaped TiO, nanofluid with deionized water. The thermal enhancement was
achieved by 33% using 5% volumetric nanofluid concentration in deionized water [20].

Different types of nanosized metal and metal oxide particles have been prepared and
tested with various base fluids in terms of their key characteristics. For example, the morpholo-
gy for different nanoparticles were presented [21]. The results of increasing heat transfer coeffi-
cient using different volumetric concentration of aluminum oxide nanofluid were also examined
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[22]. The effect of temperature and viscosity for iron based nanofluids on distinct concentration
ratio was analyzed [23]. Another experimental study evaluated a solar thermal system with-
TiO,-water nanofluid having 0.2% volumetric concentration. It was observed that the nanofluid
improved the heat transfer coefficient 6-11% compared to water [24]. Furthermore, Cu-water
and TiO,-water nanofluids had enhanced free convection when used in a square cavity with a
heat source on the bottom wall [25]. Similarly, enhancement of natural-convection heat transfer
in a U-shaped cavity filled with Al,O;-water nanofluid was presented [26]. In a parabolic trough
system, the maximum efficiencies achieved with Al,O; and Fe,O; nanofluids at 2 Lpm were
13% and 11% higher, respectively compared to water [27].

Keeping in view the relevant literature, it can be observed that many studies are fo-
cused on geometric aspects of solar collectors and utilization of nanofluids in various heat
exchangers, especially in parabolic trough collector. However, effects of efficiency enhance-
ment of non-tracking CPC with metallic oxide based nanofluid like Al,O; are rarely analyzed.
Therefore, in the present work, extensive experiments are conducted and reported having two
aspects which are novel:

— For subtropical climate conditions, a detailed experimental analysis under transient climate
conditions is presented for CPC systems which is rarely conducted. In addition, Al,Os;-water
nanofluid with wide range of different volumetric concentrations is used in this system for
comparative experimental analysis of CPC with water under same operating and climate
conditions.

— The developed system presented here utilized totally local available materials and facilities
for fabrication. The thermal performance of such a CPC system under different ambient
and operating conditions add significant value through these results, especially for regional
deployments.

The system designs

In the current study, the solar ther- —a@>
mal system consists of CPC, storage tank
and pump for circulation of water/nanoflu- l
id. The main purpose of storage tank is to Tempesfea:;fr
provide a constant output. The effectiveness Flow meter
of the thermal system mainly depends on @ ﬁ’ﬁ

different parameters of CPC including its
geometry, acceptance angle, orientation and

solar irradiance on a specific day. The sche- I, Pump

matic diagram for the proposed CPC solar

system is shown in fig. 1. Figure 1. The system schematic diagram
Design of CPC system

The design of the CPC geometry is based on well-established set of equations to deter-
mine all geometric parameters. A key aspect in geometry design is truncation of trough which
is applied to reduce the cost of collector sheet material without disturbing the performance of
CPC. Therefore, in this study, the parabolic sides of the CPC are truncated by 20% to lower the
height and cost of CPC. The collector aperture width and height and other design specifications
are shown in fig. 2. The total width of collector, 24, is reduced to 0.4455 m, 2ay, after truncation.
The half acceptance angle, 9., for the system is estimated to be around 24°. The specifications
of CPC are mentioned in tab. 1.
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1 ~ Table 1. Solar system design specifications
\ — . 2a = ossm 7 Parameter Value
T3 7 6e=24 . Collector area [m?] 0.828
%o% i e Aperture length [m] 1.858
o ocam _‘%, 20,2045m  —s Aperture width [m] 0.4456
ko 3 Half acceptance angle [°] 24
W ' Concentration ratio 4.17
h,=0.48 m Receiver tube length [m] 1.858
l o Absorber outer diameter [mm] 34
T e
Figure 2. The cross-sectional view of CPC :

The slope of collector depends upon solar declination and country latitude:
360
0 =23.5sin| — (N +284
[ 265 )} (1

The tilt angle, £, calculated as:
p=¢ + 0 during winter
f=¢—0 during summer
Optical efficiency is a vital performance parameter for CPC. The most comprehensive
equation for optical efficiency is [28]:

Hy =pray (2
where y is the accuracy intercept for construction whose value lies in the range of 0.9-1.0,
the other parameters are collector wall reflectivity, sheet transmittance and absorptivity of the
receiver. The solar thermal systems are judged by its thermal efficiency which is the ratio of

solar heat energy gained to the product of collector aperture area and available global solar
radiations. The useful solar gain is obtained [28]:

0, = AF, [IG A%, )H G
m'c '
F; = P 1—exp Iw—LF (4)
AU, ! )
Concentration ratio of solar thermal collector is determined:
A
C=2a
1 (5)
The thermal efficiency of CPC was calculated:
0,
7 =2 %100 6
0 (6)

The useful solar collector gain can also be calculated:

Q,=m',(T,-T,) (7
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Whereas the energy supplied, Qs, is found:
Os =4, 1g ®)

The incident angle modifier (IAM) is calculated in terms of thermal efficiency, collec-
tor heat removal factor and optical efficiency [29]:

am = T ©)
Fouy
Whereas the density and specific heat of the nanofluid are determined [27]:
Pt = (1=9) Po +PPup (10)
Conf = (1_¢)Cpbf +(0Cpnp (11)

The experimental set-up and
measurement procedure

The experimental set-up is installed at En-
ergy Department of University of Engineering
and Technology, Taxila, Pakistan. The location
and orientation of CPC are decided by sun path
finder apparatus. The most feasible orientation
install the CPC is horizontal E-W-axis facing
south because in this direction the availability
of sun light throughout the day is higher than
the N-S-direction. The concentration ratio for s Smes
the collector used for the study is 4.17, with col-  Figure 3. Experimental set-up of
lector area of 0.8 m? The evacuated tube receiv-  solar CPC system
er has the area as 0.2 m? with length of 1.85 m.

The collector temperatures are measured by fiber optic temperature sensor. The experimental
set-up of the CPC is shown in fig. 3.

The experimental set-up is made as a close loop to investigate thermal efficiency of
CPC system. First, the leakage at every port is checked and appropriate flow rates were ensured.
The cold water enters from pump to the CPC which heats up water. Hot water from collector en-
ters the storage tank for steady output. The water from the outside of tank goes towards source
side. The K-type sensors are installed at the inlet and outlet valves to monitor the temperatures
through a data acquisition system. The flow rate for water is measured by flow meter which is
installed at the inlet port. Hourly solar radiations are measured by pyranometer. The ambient
temperature is recorded by fiber optic temperature sensor. During experimentation different
flow rates (0.01-0.07 kg/s) and volumetric concentrations of nanofluids are varied. Three con-
centrations of metallic oxide nanofluids are 0.025%, 0.05%, and 0.075%.

The experimental readings are measured after every 15 minutes. Moreover, for accu-
rate data collection the readings were repeated at least for two-three days at same flow. After
every experiment, nanofluid needs to be re-blended before the next day experimentation for en-
suring mixing and to avoid the stability issues. The experimentations are carried out on around
35 selected days between the months of March to May 2019 to account for the variations in
solar intensity and natural variations. The monitoring time for experimentation is 9:00 a. m. to
3:00 p. m. on hourly basis on each of the selected day.
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Measurement equipment and error analysis

The operating collector temperatures are measured by using thermocouples (K-type)
having susceptibility of +0.1°C. Weather data including wind velocity and solar radiations are
measured through anemometer and pyranometer (model TBS-2) with sensitivity 280-3000 ns
and 1-3 W/m?, respectively. The heat transfer fluid (HTF) flow rate is measured through a flow
sensor (model: OKY3430-0) with flow range 1-30 Lpm as given in tab. 2. The uncertainty in
the thermal efficiency of system is calculated by root square method [27].

If a = fiby, by, b3, by, bs, b, bs...)

2 2 2 2
C, = 5—aCb1 + 5_acb2 + 5—aCb3 + 5—aCb4 (12)
ob ob, oby ob,

The overall error for the thermal performance is calculated as about 3.5%.

Table 2. Uncertainty of apparatus used in data measurement

Parameters Apparatus Uncertainty level
Collector temperature K-type thermocouple +0.1°C
HTF Flow rate Flow sensor +2%
Solar radiation Pyranometer 1-3 W/m?
Table 3. Properties of nanoparticle ALO; [27] Preparation of nanofluids
Parameter Value In this study, nanosized metallic oxide
Average diameter [nm] 20 particles are used for thermal enhancement of
Morphology Spherical solar collector system. Highly pure nanoparti-
. X cles are bought from US Research Nanomate-
Particle color White . . . .
rials, Inc. The specific properties of nanofluids
Particle specific heat [Jkg'K™] 880

are given in tab. 3.
Particle density [kgm™] 3890 The present method which is used to pre-
pare nanofluids is two steps preparation process.

In the first step, the selective concentration of grained nanoparticles is mixed with distilled wa-
ter. Then magnetic stirrer is used at 340 rpm frequency to stirrer the fluid. Stirring at such high
frequency leads to breakage of grains of nanoparticles to mix them into base fluid. While in the
second step, covalent bonds between the particles are broken down with the aid of ultrasonic
vibrator. The sonication of nanofluid decreases the space of mixture and homogenize them. The
sonication for these nanofluids has been done for 5-6 hours so that the mixture remains stabilize
for longer duration. The maximum limit of magnetic stirrer to provide frequency is 1150 rpm
while the sonication bath has the capacity up to 5.75 L.

The thermophysical properties of water and nanofluid with selected volumetric con-
centration ratio of nanofluid (0.075%) are given in tab. 4.

Table 4. Thermo-physical properties of the nanofluid [28]

Type of fluid p [kgm3] ¢, [Tkg'K] u [kgm™s™] K[Wm'K']
Water 1000 4190 0.00063 0.6301
Al O;-water 1212.9 3941 0.00052 0.7718
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Limitations of nanofluids

Even though nanofluids enhance the heat transfer characteristics but there are a few

limitations to use them, for example:

— Expensive to prepare nanoparticles and production of nanofluids.

— Nanofluids require high flow rates compare to water due to higher densities.

— Sometimes, when the working states of the system are natural-convection and presented
to high temperature, the nanoparticles could agglomerate and demonstrate stability issues.

— Nanoparticles can cause corrosion and erosion the metallic parts of the system and block
the flow of fluid.

— Nanoparticles are toxic for human health. It may cause etching and allergy if proper precau-
tions are not followed.

Results and discussion

The present work basically is focused on an experimental analysis of thermal enhance-
ment of a metallic oxide nanofluid ALL,O; compared to water. The analysis is presented in terms
of temperature difference achieved, heat gain, and thermal efficiency of the system under a sub-
tropical climate, Taxila, Pakistan. Figure 4 shows variation of climate conditions of the selected
location. The overall range of ambient temperature (T) changes from 18.5-38°C, while the wind
velocity (WV) varies from 1.9-4.8 m/s. The daily variation of temperature for each considered
month is also highlighted. Moreover, the measured solar incident radiations vary throughout the
day having maximum value of around 1200 W/m? around afternoon as shown in fig. 5. The values
are averaged of each hour resulting during all selected days from March to May, 2019.
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Figure 4. Variation of climate conditions Figure 5. Daily variation of solar radiations

Variation of temperature gain and system thermal efficiency

The system thermal performance is significantly influenced by the temperature differ-
ence attained by the CPC system. Variation of temperature difference at four different flow rates
is indicated in figs. 6(a)-6(d). For water, temperature difference is increased from 1.7 °C to 7 °C
for higher to lowest flow rate i.e. 0.01 kg/s. While under same climate conditions, the achieved
temperature change is observed by nanofluids around 2.7-10 °C. The maximum temperature
gain is resulted with highest concentration of nanoparticles i.e. 0.075%. The maximum tem-
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peratures are achieved when the solar radiation is at its peak during the day. Overall, nanofluid
resulted with higher temperature gradient compared to water under all circumstances.

Similarly, in can be further observed that the efficiency of water as HTF varies from
about 12-45% under all considered situations. Whereas the resultant efficiency by using nano-
fluids varies from 20-76% at different selected mass-flow rates and concentrations of nanopar-
ticles. The increase in efficiency is noted as 8%, 14%, and 19% at three flow rates as 0.01
kg/s, 0.05 kg/s, and 0.07 kg/s, respectively. The maximum values are achieved with the highest
nanoparticle concentration when the solar radiations are its peak.
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Figure 6. Variation in temperature difference and efficiency with volumetric concentrations at
different flow rates; (a) 0.01 kg/s, (b) 0.02 kg/s, (c) 0.05 kg/s, and (d) 0.07 kg/s

Variation of solar heat gain

The solar gain varies with temperature difference and specific heat capacity of fluids
at different volumetric concentrations and flow rates. The variation of water and three concen-
trations of nanofluid are shown in fig. 7. The nanofluids resulted with about 43% enhanced heat
gain compared water. The solar heat gain changed from 250-490 W at low flow rate 0.01 kg/s to
highest flow as 0.07 kg/s, respectively. At high flow rate the solar gain and efficiency are high
but the temperature difference is minimum compare to remaining flowrates. The overall trend
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is decided by the dominant increasing or decreasing factor. In overall, the maximum solar heat
gain is achieved with the highest concentration and flow rate i.e. 690 W.
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Figure 7. Variation in solar heat gain with volumetric concentrations at different flow rates;
(a) 0.01 kg/s, (b) 0.02 kg/s, (c) 0.05 kg/s, and (d) 0.07 kg/s

Figure 8 represents the incidence angle modifier variation with respect to the inci-
dence angle. As the angle of incidence increases, the incidence angle modifier decreases which
reduce the coming incident solar radiation. In the current study, the experimentation is per-
formed under wide range of solar radiations of a subtropical climate, Taxila, Pakistan. How-
ever, in view of data shown in fig. 9 in which the resulted temperature difference at different
flow rates is presented with respect to solar index in W/m?. These various solar fluxes indicate
different regions. Thus, any interested researcher can mark the average solar index of its region
and can easily find out the temperature gain at different flowrate it can achieve through such a
system. Thus, the results for other regions are also presented in terms of certain solar radiations
which could be more for other climates having a similar range. It can be observed that solar
radiations are seemed to be directly proportional to the temperature difference while the flow
rate variations have inverse relation. The maximum temperature difference is attained at low
flowrate of 0.01 kg/s and at maximum solar radiations.
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er tube of collector with published Deep et al. experimental work [30]. It can be observed that
trends of effect of mass-flow rate on temperature gain and thermal efficiency are almost similar.
Thus, the outcomes of the current work are well comparable with other published results.

Conclusion

In the current work, an experimental analysis of a CPC system using Al,O; metallic
oxide based nanofluids as HTF is performed under wide range of real conditions of a sub-trop-
ical climate Taxila, Pakistan. The analysis is performed with different operating conditions
in terms of mass-flow rate, concentration of nanoparticles i.e. 0.025%, 0.05%, and 0.075%.
The maximum temperature difference achieved by AL,O; is 10.75 °C at the lowest flow
rate. The best system performance is resulted with maximum concentration of nanoparticle
i.e. 0.075 % when the solar radiation is at its peak. The analysis is conducted parametrically
for different ambient temperatures from 30-37°C. The detailed experimental analysis of CPC
revealed that HTF heat gain was 340 W and 690 W at low to high working temperatures, re-
spectively. The utilization of nanofluids improves the HTF heat gain by 18.58% for the low
working temperatures and up to 21.22% in the high working temperatures. The mean HTF heat
gain enhancement is 19.9%. The thermal collector efficiency was 34% and 76% at low to high-
er flowrate, respectively. The collector efficiency enhancement is found from 8% up to 19%,
while the mean thermal efficiency improvement is 13.5%. The mean uncertainty of the system
experimental data for the thermal efficiency for all concentrations analyzed as +3.5%, while the
increment of temperature was 0.1 °C. In addition, the nanofluid resulted an average of 43%
enhanced system performance compared to water. Thus, the aluminum oxide based nanofluid is
more suitable to enhance the thermal output of a CPC system.
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Nomenclature

a  —aperture width, [m] Greek Letters

ar —truncated width, [m] a  — absorptivity

A, —aperture area, [m?] B —slope, [°]

A, —receiver area, [m?] y  —intercept factor

C  — concentration ratio 0  —declination, [°]

¢, —specific heat capacity, [Jkg 'K '] n  —thermal Efficiency, [%]
F, —collector heat removal factor O, — acceptance angle, [°]

F' —collector efficiency factor
hr —truncated he{ght, [m] | p  — density, [kgm™>]

I — global radiations, [Wm™] T _ transmittance

N —No. of days ) &T — truncated angle (= 80°)
O, -solar heat gain, [W] ¢ — latitude [°]

AT —temperature difference, [°C]

1o —optical efficiency, [%]

T, — ambient temperature, [°C] Subscripts
T: —inlet temperature, [°C] bf — base fluid
T, — outlet temperature, [°C] nf - nanofluid

U, - heat loss coefficient, [Wm2K™] np — nanoparticle
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