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Solar water heating system is convincing technology to convert solar energy into thermal
energy. According to the survey, approximately 42% of refined crude oil is used in indus-
tries and commercial applications for heating processes. Fossil fuel is the main energy source
that is depleting continuously. Solar energy is an environment-friendly energy source, which
can fulfill energy demand. Solar thermal collectors are most popular in domestic as well as
industrial sectors for water heating due to their ease of operation and simple maintenance.
Extensive work is going on to improve the thermal performance of solar thermal collectors
using passive techniques. Passive techniques include the use of nanofluid, twisted tape, Phase
Changing Materials. Active and passive techniques have a significant contribution to solar
thermal collector thermal performance enhancement. This paper reviews the work carried out
and current progress to enhance the thermal efficiency of solar water heaters using nanofluid.
In addition to this, a detailed discussion and limitations of existing research have made from
this discussion, research gaps are identified and possible future modifications are suggested.
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INTRODUCTION

The world population is increasing dramatically by
leap and bound. According to the population division of
the department of economic and social affairs survey, the
world population in 2000 was 6.1 billion and it becomes 8.9
billion in 2050. The industrial sector is expanding day by
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day to fulfill the needs of the population. The main energy
source in industrial and commercial applications is fossil
fuel. The industrial applications include heating processes
like steam generation, cooling, heating, solvent extraction,
distillation, food processing, boiler feedwater heating, and
many other applications. The renewable energy source can
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be an alternate source to meet the energy demand due to
scarcity and the continuous depletion of conventional fuels.
Solar energy is the renewable energy source on earth, has
the potential to fulfill energy demands without polluting
the environment [1, 2, 3]. Solar energy can be harvested
either by Photovoltaic panels or solar thermal collectors.
Solar radiations are absorbed by collectors, which convert
absorbed energy into heat and transfer this heat to work-
ing fluid [1, 2]. Solar collectors can be classified into the
non-concentrating collectors and concentrating collectors.
Non-concentrating collectors are classified as a flat plate
and evacuated glass tube collector [4]. Evacuated glass tube
collectors show outstanding thermal performance due to
lower heat loss, easy transportability, and quick installa-
tion [1, 5]. Evacuated tube collectors are the most efficient
solar collector in all weather conditions because the inci-
dent angle of sun rays on the evacuated tube is always 900
throughout the day [2]. An evacuated glass tube consists
of the fused inner and outer tubes. The vacuum is created
between both tubes to trap solar energy. The outer surface
of the inner glass tube is coated with an aluminium nickel
alloy to absorb more radiation.

Solar thermal energy is utilised in the industrial sector
to meet the process heat requirements. Solar water heating
is the most popular solar thermal system and accounts for
80% of the worldwide solar thermal market. Some of the
technical problems, like low efficiency, high heat loss, poor
solar energy harvesting capability, installations challenges,
capital costs are barriers to the promotion of solar water
heater in industrial applications. Extensive work is going on
to minimize heat loss and enhance the thermal efficiency of
solar thermal collectors. Existing research says enhance the
overall performance of a solar thermal collector, changes
are made in solar collector structure, glass tube coating,
inclination, using active and passive augmentation tech-
niques [6]. This paper presents a comprehensive review of
the current status and technical developments in the field of
solar water heating systems.
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Figure 2. Active system.

CLASSIFICATIONS OF SOLAR WATER HEATER
SYSTEM

Solar water heating systems are classified based on the
pump requirement [7]. Passive solar water heaters systems
are commonly used for domestic applications. Passive sys-
tems (Fig. 1) transfer hot water from the collector to the
tank by natural circulation at 600C. The active system
(Fig. 2) transfers thermal energy by using the pump. A dif-
ferential thermostat is used to control the circulation of the
water. A check valve is required to avoid the reverse circu-
lation of water [8].

HEAT TRANSFER ENHANCEMENT TECHNIQUES
IN SOLAR THERMAL COLLECTORS

In today’s era, financial aspects and performance
become basic, and crucial factors for commercialisation,
hence Solar water heating systems are popular in domes-
tic applications [7]. Solar system performance depends on
solar irradiation. Variable climatic conditions are not suit-
able for industrial applications. Extensive work is going on
for the augmentation of the convective heat transfer rate
[7]. Continuous research work is going on to enhance unfa-
vourable conditions performance by using active and pas-
sive augmentation techniques. A detailed review presented
on the use of active and passive techniques by Jaishankar
[9]. Active techniques use an external source as a prime
mover. Passive methods use geometrical modifications,
inserts, twisted tapes, curved tubes, helically coiled tubes,
spirally coiled tubes [7]. The mode of heat transfer, type,
and application decide the effectiveness of the system [7].
Twisted tape flattens the velocity profile at the centre of the
pipe [10]. Wire coil and spiral tape insert give better per-
formance at the surface of the conduit as it increases the
velocity at the surface.

Khoshvaght et al. [11] examined the performance of
agitated vessel U tube heat exchanger using spiky twisted
tape and water-based metallic nanofluid. The effect of agi-
tator speed tested at six different speeds. The optimum
agitator speed obtained is 1300 rpm. Spiky twisted tape
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Figure 3. Twisted tape arrangements.

enhances the heat transfer coefficient at the cost of pressure
drop. The spiky tape with angle a=p=0.33 is recommended
for 33% overall performance enhancement. Metallic nano-
fluids exhibit a high heat transfer coefficient at the cost of
pressure drop. Metallic nanofluids exhibit a high heat trans-
fer coefficient at the expense of pressure drop. Among all
metallic nanofluid water-based silver nanofluid gives bet-
ter results [11]. The heat transfer coefficient increased by
18.2%, and the pressure drop by 8.5%. Sekhara et al. [12]
studied AL O, nanofluid heat transfer coefficient variation,
at different volume concentrations and twist tape ratios. At
the same time, the twisted tape was placed in the fluid flow
path. Constant heat flux condition maintained for experi-
mentation. The heat transfer coefficient increased by 8-12%
compared with water. The highest friction factor obtained
at 0.5% particle concentration. Concluded Nusselt number
and friction factor depends upon nanoparticle volume con-
centration. As Reynold’s number of flow increases, Nusselt
number increases, and friction factor decreases. The use
of nanofluid improves heat exchanger efficiency and com-
pactness. Keguang et al. [13] evaluated the performance of
evacuated glass tube solar collector with twisted tape using
CFD. He developed a numerical model for heat transfer and
fluid flow inside a single collector tube. Results show that
twisted tape insert reduces the velocity of flow and makes
temperature a more uniform temperature field inside the
pipe. The twisted tapes make the mixture more intense
near the top and bottom half of the tube. It destroys the
originally ordered flow and generates more eddy, which
leads to a higher dissipation of mechanical energy and thus
reduces velocity magnitude, at the same time, makes the
temperature field more uniform. Sundar et al. [14] inserted
tape geometry in AL O, nanofluid. Sunder and Sharma [15]
performed with and without twisted tape in a tube in their
study. For 0.3% vol. concentration heat transfer enhance-
ment is 21%. It is further enhanced to 49.75% when the
twisted tape of a twist ratio of 5 is used. The maximum fric-
tion penalty of 1.25 times observed. Sandesh et al. [16] work

on flat plate collectors using water-based AI203 and CNT
nanofluid with helical tape inserts. Tests were performed
with different volume concentrations and twist ratios. The
water-based CNT nanofluid with helical screw tape inserts
shows higher thermal performance than water-based AL O,
nanofluid. The maximum enhancement in heat transfer
found at a 1% volume concentration of CNT with a helical
tape twist ratio of 1.5. Literature reveals passive techniques
increase eloquent heat transfer area and thermo-hydraulic
performance by disturbing flow at the cost of pressure drop.

Phase change materials are one type of latent heat stor-
age unit. It can absorb heat before reaching its melting tem-
perature after energy storage it releases continuously. This
heat transformation depends upon the situation. A phase
change material having high latent heat of fusion can store
and release a large amount of energy. Only solid to liquid
and vice versa phase changes are possible for PCM’s. Liquid
to gas phase transformation is impractical because high vol-
ume and pressure required to store in the gas phase. The
solid to solid-phase change is a too slow process and has a
relatively low heat of transformation. Chopra et al. [17] used
heat pipe in the evacuated tubes in the nadir or medium
temperature applications. He found the integration of
phase change materials in evacuated tube collectors influ-
ences its performance. His manuscript gives classification
based on thermal energy storage, advantages, draw backs
of evacuated technology, financial benefits, recent research,
and recommendation for future improvement. Avinash
et al. [18] tried to reduce the time required for storing and
releasing heat in solar thermal applications. He used paraf-
fin wax as phase-changing material, during operation phase
change material melted, and solidified. In a concentric
tube, heat storage unit longitudinal copper fins provided
for charging and discharge of paraffin wax. The effects of
fin height, Reynolds number, and Stefan number tested
experimentally to analyse the system performance. At var-
ious locations, PCM temperatures observed. The observed
Reynolds number, fin height, Stefan number increases the
time required for the melting of PCM reduced. Avinash
et al. [19] used PCM for heating and cooling application.
The inner pipe is made of SS-316 and the outer of SS-304.
The HTF flows from bottom to top in the HTF pipe. The
temperature probe’s accuracy was 0.1°C. In the heat storage
unit, four temperature probes set at positions of 100, 200,
300, 400 mm from bottom in the longitudinal direction,
and 5, 14, 25 mm in a radial direction, from the outer wall
of HTF pipe towards an inner wall to measure the tempera-
ture field in the PCM. The wall of the inner tube, then mol-
ten PCM ascended to the top part of the PCM container
because of natural convection currents. 2. In the next two
regions, the melted PCM zone in the liquid phase and the
non-melted PCM zone in the solid phase coexisted during
the charging process. 3. The conduction inside the solid
matrix of the PCM was responsible for the heat transfer
process in the frozen region 4. The PCM melting time is
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higher than the solidification. Though PCM shows good
results, It has several challenges in manufacturing, usage,
material compatibility, material properties, thermal perfor-
mance, cost, availability, safety, disposal, conditioning, and
packaging for use [20].

The determination of thermophysical properties of
nanofluid, phase change material, experimentation is
time-consuming and expensive. In the 21st century, these
constraints are overcome by using soft computing tech-
niques. Soft computing techniques include surface response
methodology (RSM), artificial neural network (ANN),
non-dominated sorting genetic algorithm (NSGA), particle
swarm technology, computational fluid dynamics (CFD).
These intelligent techniques can reduce the effort of the
number of experimental runs and hypotheses. Arturo et al.
[21] performed optimization of evacuated tube solar col-
lectors using a combination of design of experiment simu-
lated annealing method and computational fluid dynamics.
Design of experiments and computational fluid dynamics
model used to find geometrical and operational param-
eters, which affect the thermal performance of evacuated
tube solar collectors. Simulated annealing optimization
used to obtain a solution of 259 geometry modelled in CFD.

NANOFLUID

Nanofluids are 20%century, heat transfer fluids. In
1995 Choi used the Nanofluid term. The ordinary heat
transfer fluid like water suffers from poor thermophysical
properties. It limits collector performance. Nanomaterials
have a wide range of materials like nanocrystalline mate-
rials, nanocomposites, carbon nanotubes. Nanofluid is a
homogeneous mixture of base fluid and nanoparticles.
Nanoparticle’s size varies between 1 and 100 nm. The thin
layer formed around nanoparticle called nanolayers acts as
a thermal bridge between the base fluid and nanoparticles.

Nanofluids structure is represented by Figure 4. The
nanofluid shows enhancement in thermal conductivity,
thermal diffusivity, heat transfer coefficient, density, and
viscosity of the base fluid. This enhancement depends upon

— Nanoparticle

Liquid base fluid

 — Nanolayers

Figure 4. Nanofluid structure.

Table 1. Types of nanoparticle

Chemically Stable Metals  Gold, Copper

Metal Oxides Alumina, Silica, Zirconium,
Titanium

Oxide Ceramics AlLO,, CuO

Metal Carbides SiC

Metal Nitrides AiN, SiN

Carbon In Various Forms SWCNT, MWCNT, Graphen

particle shape, size, and volumetric fraction. Nanosize par-
ticles of the following materials used (Table 1) to improve
thermal properties [1].

The base fluids include water, oils, organic liquids,
bio-fluids, lubricants, polymeric solutions [22]. The next
version of nanofluid is hybrid nanofluid, which developed
by adding two or more types of nanoparticles in the base
fluid. Table 2 shows the thermophysical properties of well-
known nanoparticles. A Homogeneous mixture of hybrid
nanofluid enhances physical and chemical properties [22].
Proper hybridisation of nanoparticles with fluid gives
promising heat transfer enhancement.

Brownian diffusion and thermophoresis slip mechanism
having a crucial contribution to heat transfer enhancement
[27]. Ghiasi et al. [28] tried to model the slip mechanism
of casson fluid flow over a fixed plate with a non-uni-
form source/sink and ohmic heating using the homo-
topy method. The Homotopy method is a semi-analytical
method to solve a nonlinear differential equation. He
states that the Harmann number affects the Nusselt num-
ber and skin friction coefficient. The homotopy analysis
results show good agreement with previous studies. Ghiasi
et al. [29] did an angular geometric surface, nonlinear, and
thermomechanical analysis using homotopy analysis. The
boundary layer equation derived by solving the conser-
vation of mass, momentum, and energy equation. Ghaisi
etal. [22] identified a gap in Navier-Stokes to determine the
motion of the non-Newtanion fluid. An analytical optimal
solution incompressible casson fluid flow over horizontal
sheet under Lorentz force and ohmic heating investigated.
Aristov et al. [30] derived numerical solutions to describe
viscous incompressible fluid flow. He considered inertia
and viscous force. Due to inertial force consideration, mini-
mum boundary thickness exists where shear stress vanishes.
Sarkar et al. [22] summarized challenges that engineers and
researchers face while using nanoparticles compared with
other techniques, in terms of stability durability, reliability,
efficiency, safety, initial cost, life cost, size, weight, increase
in pressure drop, pumping power, etc. Large size solid par-
ticles (more than 100 nm) sediments quickly in base fluid
and forms a fouling layer on its surface, hence not recom-
mended. This fouling layer affects the effectiveness of the
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Table 2. Nanoparticles thermophysical properties

Thermal
Conductivity Specific Heat Density
Sr. No. Nanoparticle W/mk J/kg. k Kg/m?
1. Silver (Ag) 429 235 10500
2. Zirconium oxide(ZrO2) 22.7 278 5890
3. Zinc oxide (ZnO) 27.2 494 5630
4. Titanium Oxide (Ti02) 8.4 710 4157
5. Cerium Oxide (CeO2) 12 460 7220
6. Alumina oxide(AlO,)[23] 36 765 3970
7. Copper Oxide (CuO) [23] 17.65 533 6500
8. MWCNT[24] 3000 711 2100
9. Magnesium Oxide(MgO)[25] 42 877 3580
10.  Silicon Oxide (Si02)[23] 1.38 745 2220
11. SWCNTI[1] 6000 841 2100
12. Tungsten Oxide(WO3) 1.63 7100
13. Ferric Oxide (Fe304)[26] 17.65 104 5180
14. Titanium Nitride 28.84 545.30 5240

base fluid. There is a lot of scope and challenges for research
in the fields of preparation, characterization, stability, and
applications of hybrid nanofluid [31].

Copper Oxide (CuO,)

Copper (II) oxide or cupric oxide is the inorganic com-
pound with the formula CuO. CuO is a black solid and a
stable oxide of copper, and the other is Cu,0 or cuprous
oxide, it is also known as tenorite. Ghaderian et al. [32]
suspended Copper oxide nanoparticles in water. Nanofluid
with different volume concentrations used in collectors
throughout the study. The evacuated glass tube solar col-
lector heat transfer enhancement is studied with different
mass flow rates and volume concentrations. The efficiency
enhanced to 51.4% with 0.06% and 41.9% with 0.03% of
CuO. Michael et al. [33] examined the performance of flat
plate collectors using water-based copper oxide nanofluid.
Experimentation performed on a 100 LPD capacity system.
Nanofluid thermophysical properties juxtapose analyti-
cally and experimentally. The Sodium Dodecyl Benzene
Sulfonate (SDBS) and Triton X-100 selected as surfactants.
The improvement in efficiency was observed more in ther-
mosyphon circulation than forced circulations. At 0.1kg/s
flow rate, maximum efficiency is obtained. Efficiency
enhancement is possible if the heat exchanger placed inside
the nanofluid thermal storage tank [33].

Zink Oxide (ZnO)
Huseyin Kaya et al. [34]the efficiency of an evacuated
U-tube solar collector (EUSC determined solar collector

efficiency. ZnO particles suspended in ethylene glycol and
pure water. 50% of ethylene glycol and pure water used as
base fluid. Found thermal conductivity of Zink oxide based
nanofluid increases by increasing volume concentration
of nanoparticle. ZnO nanoparticles added in base fluid
at volume concentrations of 1.0%, 2.0%, 3.0% and 4.0%.
Maximum collector efficiency found 62.87% for 3.0% con-
centration and 0.045kg/s mass flow rate. Barewar et al. [35]
synthesized Ag/ZnO-glycol hybrid nanofluid to investigate
thermophysical properties experimentally. Experimental
results compared with a model developed by the artificial
neural network (ANN). The correctness of the model is ver-
ified using R-squared value, mean square error, and average
absolute relative deviation percent.

Aluminium Oxide (ALO,)

Rajasekhara et al. [36] did an experimental analysis of
Al O,nanofluid to study the variation of heat transfer coef-
ficient and pressure drop. Different volume concentrations
of AL O, nanoparticles used in combination with twisted
tapes. Due to small variations in viscosity at different par-
ticle concentrations, the Reynolds number changes, and
these changes are within £100. He found by using nano-
fluid, the heat transfer coefficient enhances at the entrance
region [36]. The local heat transfer coefficient at X/D = 10
and 0.5% volume concentration is 26% and 22% higher
than water in a plain tube [36]. The Nusselt number vari-
ation depends on the Reynolds number, particle concen-
tration axial distance. Ghaderian et al. [37] investigated the
thermal performance of solar collectors using aluminium



1262

J Ther Eng, Vol. 7, No. 5, pp. 12571266, July, 2021

oxide nanofluid. TritonX-100 surfactant used to avoid
nanoparticle agglomeration. 40nm size nanoparticles used.
Nanoparticles are added at 0.03% and 0.06% volume con-
centration for experimentation. The collector performance
examined for 20 to 60 Ipm. The maximum efficiency is
57.63% for 0.06% volume concentration and 60lph mass
flow rate [37]. The collector efficiency depends upon the
mass flow rate and volume fractions of ALLO, nanoparticles.
Concluded Al O, nanofluid convert maximum solar energy
into thermal energy efficiently [37]. Gargee et al. [38] con-
ducted experiments on the serpentine shape heat pipe of
a flat plate collector. Aluminium oxide particle suspended
in base fluid and nanofluid prepared with varying weight
concentrations of 0.05, 0.25, and 0.5%. Collector tilt angles
varied 18.53, 33.5, 40, 50, and 60°. The performance of the
collector increases with coolant flow rate up to a limit, then
decreases, the same trend seen for tilt angle. The maxi-
mum efficiency found at 50°. Rashmi et al. [11] performed
a numerical simulation of Al O,/water nanofluid in cylin-
der using computational fluid dynamics. The single-phase
model analyses performance of nanofluid. Numerical sim-
ulation results compared with an experimental result at
various values of Rayleigh number. The result shows with
an increase in volume fraction that heat transfer decreases.
Safikhani et al. [39] performed multi-objective optimis-
ation ofAl,O /water nanofluid in a flat tube using CFD,
NSGA-II, and ANN. He used five independent design vari-
able tube flattening (H), inlet volumetric flow rate (Q), wall
heat flux (q), nanoparticle diameter (dp), nanoparticle vol-
ume fraction. In the first step, the heat transfer coefficient
and pressure drop computed using the computational fluid
dynamics two-phase mixture model. The first step numer-
ical data utilised in a grouped method of data handling
(GMDH) type ANN. The high accuracy of GMDH polyno-
mials obtained used for multi-objective optimisation.

Graphene Nanoplatelets (GNP)/Distilled Water
Nanofluid

Iranmanes et al. [3] measured the solar thermal col-
lectors performance. Nanoparticle having surface area
750m2/g. Ultrasonication method used to prepare a sta-
ble and homogeneous graphene nanofluid. Transmission
electron microscopy and field emission scanning electron
microscopy used for the morphological characterisation
of graphene nanoplatelets. ASHRAE standard 93-2003
referred for experimentation. Solar collector thermal effi-
ciency enhanced to 90.7% at 1.5L/min flow rate. GNP nano-
fluid enhances thermal conductivity to 27.6%. Results show
using graphene nanosheets the highest outlet temperature
of the fluid obtained. Sadri et al. [13] did CFD modelling
of a horizontal tube. The green functionalised graphene
nanoplatelets (clove treated) under steady-state fully devel-
oped turbulent flow conditions. Nanofluid thermophysical
properties obtained experimentally used as input for CFD
simulation. TA shear stress transport model is selected to

simulate turbulent flow. The convective heat transfer coef-
ficient and friction factor evaluated for 0.0025%, 0.0075%,
and 0.1% weight concentration of graphene nanoparti-
cle. The tube thickness not taken into account only, fluid
control volume considered. The grid generated by a mod-
ule provided by Ansys fluent. The grid independence test
carried out with 3 different sizes. Constant heat flux with
no-slip boundary condition employed at a wall. Reynold
number range 6371-15927. Simulation results validated
with experimental results.

Multi-Walled Carbon Nanotube (MWCNT)

Sandesh et al. [40] determined the optimum volume
concentration of carbon nanotube nanoparticle to enhance
the performance of heat pipe solar collectors. The thermal
performance of CNT nanofluid compared with pure water
for different tilt angles and volume concentrations. Carbon
nanotubes have a diameter of 10-12 nm and length 0.1-10
nm. SEM image of MWCNT captured by FESEM. Carbon
nanotubes immersed in sulphuric acid and nitric acid (3:1)
mixture. CNT treated in an ultrasonic bath. To neutralise
the solution ammonium hydroxide used and cellulose ace-
tate membrane used to filter. The carbon nanotube washed
till the pH value of suspension reached 5.5. Nanofluids
prepared for various volume concentrations of CNT.
Kakavandi and Akbari [41] performed an experimental
study on hybrid nanofluids made by suspending multi-
wall carbon nanotube and silicon carbide in water plus
ethyl glycol mixture. Scanning electron microscopy and
X-ray diffraction methods used for the characterisation
of a nanoparticle. Hybrid nanofluid stability measured by
DLS test and thermal conductivity by KD2-Pro thermal
analyser. The volume concentration range is 0-0.75% used.
The general correlation developed to determine the ther-
mophysical property of the nanofluid. Hamid et al. [42]
performed sensitivity analysis and thermal performance
optimisation of multi-wall carbon nanotube nanofluid
charged U tube solar thermal collectors using a genetic
algorithm. The mass flow rate, environmental condition,
and collector length considered as a variable. Taffaroj et al.
[43] predicted the performance of nanofluid charged par-
abolic trough solar thermal collected using computational
fluid dynamics. Nanosilica and multi-wall carbon nano-
tubes used in ethylene glycol for experimentation. The CFD
analysis performed for simulating processes and validating
experimentation. A multi-layer perceptron neural network
trained using the data obtained from the CFD model [43].
He states that artificial intelligence is an efficient algorithm
for the optimisation and performance prediction of a solar
thermal collector. He constructed the ANN model to pre-
dict process output.

Single-Wall Carbon Nanotube (SWCNT)
Sabiha et al. [1] used water-based SWCNT nanofluid
in the heat pipe. Experiments performed according to
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ASHRAE standard 93-2003 at the University of Malaya.
Sodium dodecyl sulphate used as a surfactant. Nanofluid
prepared with concentrations 0of 0.05, 0.1, and 0.2%. To over-
come the SWCNT nanoparticle agglomeration of ultrason-
ication performed. The Performance of SWCNT nanofluid
compared with water at different flow rates of 0.008, 0.017,
and 0.025kg/s. The 93.43% efhiciency found at 0.2%volume
concentration and mass flow rate 0.025kg/s. The collector
efficiency increases with SWCNT nanoparticle concen-
tration and flow rate. He developed an empirical correla-
tion between thermal efficiency and thermal conductivity.
Mahbubul et al. [2] investigated collector performance
using water-based SWCNT nanofluid experimentally.
Experimental setup of solar-powered ammonia-water
absorption refrigeration system for space cooling with an
ice-storage facility developed at King Fahd University of
Petroleum & Minerals, Dhahran, Saudi Arabia. The effec-
tive surface area of the collector was 42m* Water-based
SWCNT nanofluids prepared at a concentration of 0.05%,
0.1%, and 0.2%. At 0.2% of SWCNT nanoparticles, max-
imum efficiency obtained. The results showed 56.7% effi-
ciency obtained when the collector was operated with water
and 66% of efficiencies 0.2% nanoparticle, respectively.
Concluded nanofluids enhance the efficiencies of solar col-
lectors significantly. Sandesh et al. [44] investigated ther-
mosyphon heat pipe performance using water-based CNT
nanofluid and pure water. Tests performed on varied range
of CNT volume concentration of 0.15%, 0.45%, 0.60%, and
1% and tilt angle. Concluded;

o CNT nanofluid found more efficient than pure water
for heat pipe.

o The efficiency of the solar heat pipe collector increases
up to 0.60% volume concentration afterwards
decreases. Maximum efficiency found 73% for 0.60%
volume concentration of nanoparticle.

o The heat pipe collector efficiency increases with the
tilt angle up to 50deg after this starts to decrease for
water and nanofluids.

Cerium Oxide (Ceo2)

Ramesh et al. [45] prepared cerium oxide/water
(Ce02/H20) nanofluid. The thermal performance of flat
plate solar water heater investigated experimentally, hav-
ing capacity 100lpd. Polyvinyl pyrolidine used as a sur-
factant it shows better stability compared to pure water.
The experiment performed on various mass flow rates to
investigate heat transfer enhancement. For low volumetric
fraction, significant performance improvement observed
in forced circulation compared to conventional mode.
Sharafeldin et al. [46] prepared stable water-based cerium
oxide nanofluid. The stability measured by using Zeta
potential machine. The mean diameter of the cerium oxide
particle is 25nm. Experiments performed by varying vol-
ume concentration and mass flow rates. Nanofluid shows

the remarkable temperature difference between inlet and
outlet flow. For a 0.035% volume fraction and 0.017 kg/
m3 mass flow rate, the maximum heat removable factor
obtained. The solar corrector thermal loss coefficient is
raised to 34.

Titanium Oxide (TiO,)

Mahendran et al. [47] determined the efficiency of solar
collectors using water-based titanium oxide (TiO,) nano-
fluid. Experiments performed at flow rates of 2.0, 2.7, 3.0,
and 3.5LPM. The efficiency of TiO2 charged solar thermal
collectors at 0.3% volume concentration is 73%, and using
water is 58%.

Titanium Nitride (TiN)

Satoshi Ishii et al. [48] according to the MANA sur-
vey, 55% of household energy consumption account for
water and air heating. A research team of MANA scientists,
(International Center for Materials Nanoarchitectonics) and
NIMS, discovered nanoparticles of transition metal nitrides
and carbides absorb sunlight very efficiently and confirmed
experimentally. When titanium nitride nanoparticles, dis-
persed in water, quickly raised water temperature because
of plasmonic resonance property. These nanoparticles are
used for heating and distillation of water through efficient
sunlight use. Titanium nitride nanoparticles absorb more
sunlight than gold and carbon nanoparticles due to lossy
resonances. When titanium nitride nanoparticles dispersed
in water the evaporation and heating rates increased two to
four times.

CONCLUSION

This paper gives an overview of nanofluid in the field
of solar heating applications. Continuous research is going
on to improve the performance of a solar thermal collec-
tor. The thermal performance of the solar water heating
system depends upon inlet water temperature, solar radi-
ations, atmospheric temperature, flow rate, collector incli-
nation, storage tank height, wind speed, relative humidity,
glass tube coating, and heat transfer coefficient. Convective
heat transfer coefficient and pressure drop are considered
major output parameters. Different active and passive tech-
niques, like twisted tapes, phase change material, nanopar-
ticles used to enhance thermal performance, but everyone
having its constraint. The literature reveals, inserted swirl
device generates turbulence in the flow path. The disturbed
flow increases the heat transfer coeficient at the expense of
pressure drop. Phase change materials are well known for
heat storage ability, low thermal conductivity, energy stor-
age, and release rate troubles. Nanofluids are recognised for
thermophysical properties and suffer from sedimentation,
synthesis, instability problem. Sedimentation and synthesis
problems can be tackle using nanosize particles and surfac-
tants. Grey areas of existing research were identified from
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the literature. The following areas are having a scope for
improvement.

Nitride-based nanoparticles having surface plas-
monic properties. Its sunlight absorption capacity is
more than carbon allotropes. It could increase collec-
tor efficiency significantly.

Research in the field of boundary layer reduction in evac-
uated U tube solar collectors is still lacking. A boundary
layer formed due to low velocity near a pipe wall.
Modelling of Brownian diffusion, thermophore-
sis, and slip velocity is difficult in the heat transfer
application.

Optimization of a solar thermal collector using soft
computing techniques.

Preparation, synthesis and application of hybrid
nanofluid is an emerging area.

Ample research space is available for the study of
nanofluids in combination with passive augmenta-
tion techniques in the solar collector for the better-
ment of society.

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

Sabiha MA, Saidur R, Hassani S, Said Z, Mekhilef
S. Energy performance of an evacuated tube solar
collector using single walled carbon nanotubes
nanofluids. Energy Conversion and Management.
2015 Nov 15;105:1377-88. doi:  10.1016/j.
enconman.2015.09.009.

Mahbubul IM, Khan MM, Ibrahim NI, Ali HM,
Al-Sulaiman FA, Saidur RJ. Carbon nanotube
nanofluid in enhancing the efficiency of evacuated
tube solar collector. Renewable energy. 2018 Jun
1;121:36-44. doi: 10.1016/j.renene.2018.01.006.
Iranmanesh S, Mehrali M, Sadeghinezhad E, Ang BC,
Ong HC, Esmaeilzadeh A. Evaluation of viscosity
and thermal conductivity of graphene nanoplatelets
nanofluids through a combined experimental-sta-
tistical approach using respond surface method-
ology method. International Communications in
Heat and Mass Transfer. 2016 Dec 1;79:74-80. doi:
10.1016/j.icheatmasstransfer.2016.10.004.

Moravej M, Soozanyar A. An Experimental
Investigation of the Efficiency of A Stationary Helical
Solar Water Heater. Current World Environment.
2017 Aug 1;12(2):250.

Sabiha MA, Saidur R, Mekhilef S, Mahian O.
Progress and latest developments of evacuated tube
solar collectors. Renewable and Sustainable Energy
Reviews. 2015 Nov 1;51:1038-54. doi: 10.1016/j.
rser.2015.07.016.

Sandeep HM, Arunachala UC. Solar parabolic
trough collectors: a review on heat transfer aug-
mentation techniques. Renewable and Sustainable

(7]

(8]

9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

Energy Reviews. 2017 Mar 1;69:1218-31. doi:
10.1016/j.rser.2016.11.242.

Sabiha M, Saidur R, Mekhilef S. An experimental
study on Evacuated tube solar collector using nano-
fluids. InInternational Conference on Advances
in Science, Engineering, Technology and Natural
Resources (ICASETNR-15) Sabah, Malaysia 2015
Jan 1 (Vol. 2, pp. 42-49).

Wang Z, Yang W, Qiu F, Zhang X, Zhao X. Solar
water heating: From theory, application, marketing
and research. Renewable and Sustainable Energy
Reviews. 2015 Jan 1;41:68-84. doi: 10.1016/j.
rser.2014.08.026.

Jaisankar S, Ananth J, Thulasi S, Jayasuthakar ST, Sheeba
KN. A comprehensive review on solar water heaters.
Renewable and Sustainable Energy Reviews. 2011 Aug
1;15(6):3045-50. doi: 10.1016/j.rser.2011.03.009.
Khurana D, Subudhi S. Forced convection of Al 2
O 3/water nanofluids with simple and modified
spiral tape inserts. Heat and Mass Transfer. 2019
Oct;55(10):2831-43.

Khoshvaght-Aliabadi M, Davoudi S, Dibaei
MH. Performance of agitated-vessel U tube heat
exchanger using spiky twisted tapes and water based
metallic nanofluids. Chemical Engineering Research
and Design. 2018 May 1;133:26-39. doi: 10.1016/j.
cherd.2018.02.030.

Sekhar YR, Sharma KV, Karupparaj RT, Chiranjeevi
C. Heat transfer enhancement with Al203 nano-
fluids and twisted tapes in a pipe for solar ther-
mal applications. Procedia Engineering. 2013 Jan
1;64:1474-84. doi: 10.1016/j.proeng.2013.09.229.
Yao K, Li T, Tao H, Wei J, Feng K. Performance
evaluation of all-glass evacuated tube solar water
heater with twist tape inserts using CFD. Energy
Procedia. 2015 May 1;70:332-9. doi: 10.1016/j.
egypro.2015.02.131.

Sundar LS, Singh MK, Punnaiah V, Sousa AC.
Experimental investigation of A1203/water nanoflu-
ids on the effectiveness of solar flat-plate collectors
with and without twisted tape inserts. Renewable
energy. 2018 Apr 1;119:820-33. doi: 10.1016/j.
renene.2017.10.056.

Sundar LS, Sharma KV. Turbulent heat transfer and
friction factor of Al203 nanofluid in circular tube
with twisted tape inserts. International Journal
of Heat and Mass Transfer. 2010 Mar 1;53(7-8):
1409-16. doi: 10.1016/j.ijheatmasstransfer.2009.
12.016.

Chougule SS, Sahu SK. Heat transfer and friction
characteristics of Al203/water and CNT/water
nanofluids in transition flow using helical screw tape
inserts—a comparative study. Chemical Engineering
and Processing: Process Intensification. 2015 Feb
1;88:78-88. doi: 10.1016/j.cep.2014.12.005.



J Ther Eng, Vol. 7, No. 5, pp. 12571266, July, 2021

1265

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

Chopra K, Tyagi VV, Pandey AK, Sari A. Global
advancement on experimental and thermal anal-
ysis of evacuated tube collector with and without
heat pipe systems and possible applications. applied
energy. 2018 Oct 15;228:351-89. doi: 10.1016/j.
apenergy.2018.06.067.

Waghmare AV, Pise AT. Augmentation of Heat
Transfer Using High Thermal Conductive. in
Proceedings of the 21st National & 10TH ISHMT-
ASME Heat and Mass Transfer Conference, 2011, pp.
1-7, doi: 10.1016/j.jaci.2013.05.012.

Vishwanath WA, Tukaram PA, Mahaling PS.
Experimentation To Reduce Melting Time in Latent
Heat. in 8th World Conference on Experimental Heat
Transfer, Fluid Mechanics, and Thermodynamic,
2013, pp. 1-5.

Advancement and Recent Innovations in Mechanical,
Production and Industrial Engineering. ELk Asia
Pacific Journals, 2015, pp. 1-240.

Alfaro-Ayala JA, Lopez-Nuiez OA, Gémez-Castro
FI, Ramirez-Minguela JJ, Uribe-Ramirez AR,
Belman-Flores JM, Cano-Andrade S. Optimization
of a solar collector with evacuated tubes using
the simulated annealing and computational
fluid dynamics. Energy conversion and manage-
ment. 2018 Jun 15;166:343-55. doi: 10.1016/j.
enconman.2018.04.039.

Sarkar J, Ghosh P, Adil A. A review on hybrid nano-
fluids: recent research, development and applica-
tions. Renewable and Sustainable Energy Reviews.
2015 Mar 1;43:164-77. pp. 164-177, 2015, doi:
10.1016/j.rser.2014.11.023.

Kim H, Ham J, Park C, Cho H. Theoretical investiga-
tion of the efficiency of a U-tube solar collector using
varijous nanofluids. Energy. 2016 Jan 1;94:497-507.
doi: 10.1016/j.energy.2015.11.021.

Tong Y, Kim ], Cho H. Effects of thermal perfor-
mance of enclosed-type evacuated U-tube solar
collector with multi-walled carbon nanotube/water
nanofluid. Renewable energy. 2015 Nov 1;83:463-
73. doi: 10.1016/j.renene.2015.04.042.

Kayaa H, Arslanb K. Thermal Performance of an
Evacuated U-Tube Solar Collector Using TiO2/
EG-Water Nanofluid. no. August 2018, 2017.
Varma KK, Kishore PS, Prasad PD. Enhancement
of heat transfer using Fe304/water nanofluid
with varying cut-radius twisted tape inserts.
International Journal of Applied Engineering
Research. 2017;12(18):7088-95.

Ghiasi EK, Saleh R. Unsteady shrinking embedded
horizontal sheet subjected to inclined Lorentz force
and Joule heating, an analytical solution. Results
Phys 11: 65-71. doi: 10.1016/j.rinp.2018.07.026.
Ghiasi EK, Saleh R. 2D flow of Casson fluid with
nonuniform heat source/sink and Joule heating.

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

Frontiers in Heat and Mass Transfer. 2019;12(4).
doi: 10.5098/hmt.12.4.

Ghiasi EK, Saleh R. Nonlinear stability and thermo-
mechanical analysis of hydromagnetic Falkner—Skan
Casson conjugate fluid flow over an angular-geo-
metric surface based on Buongiorno’s model using
homotopy analysis method and its extension.
Pramana. 2019 Jan;92(1):1-2. doi: 10.1007/
s12043-018-1667-1.

Aristov SN, Prosviryakov EY. Nonuniform con-
vective Couette flow. Fluid Dynamics. 2016
Sep;51(5):581-7. doi: 10.1134/S001546281605001X.
Sarkar J. A critical review on convective heat trans-
fer correlations of nanofluids. Renewable and sus-
tainable energy reviews. 2011 Aug 1;15(6):3271-7.
doi: 10.1016/j.rser.2011.04.025.

Ghaderian ], Sidik NA, Kasaeian A, Ghaderian
S, Okhovat A, Pakzadeh A, Samion S, Yahya WIJ.
Performance of copper oxide/distilled water nano-
fluid in evacuated tube solar collector (ETSC)
water heater with internal coil under thermo-
syphon system circulations. Applied Thermal
Engineering. 2017 Jul 5;121:520-36. doi: 10.1016/j.
applthermaleng.2017.04.117.

Michael JJ, Iniyan S. Performance of copper oxide/
water nanofluid in a flat plate solar water heater
under natural and forced circulations. Energy con-
version and management. 2015 May 1;95:160-9.
doi: 10.1016/j.enconman.2015.02.017.

Kaya H, Arslan K, Eltugral N. Experimental
investigation of thermal performance of an evac-
uated U-Tube solar collector with ZnO/Etylene gly-
col-pure water nanofluids. Renewable energy. 2018
Jul 1;122:329-38. doi: 10.1016/j.renene.2018.01.115.
Barewar SD, Tawri S, Chougule SS. Experimental
investigation of thermal conductivity and its ANN
modeling for glycol-based Ag/ZnO hybrid nano-
fluids with low concentration. Journal of Thermal
Analysis and Calorimetry. 2020 Feb;139(3):1779-
90. doi: 10.1007/s10973-019-08618-6.

Sekhar YR, Sharma KV, Karupparaj RT, Chiranjeevi
C. Heat transfer enhancement with Al203 nano-
fluids and twisted tapes in a pipe for solar ther-
mal applications. Procedia Engineering. 2013 Jan
1;64:1474-84. doi: 10.1016/j.proeng.2013.09.229.
Ghaderian J, Sidik NA. An experimental investiga-
tion on the effect of Al203/distilled water nanofluid
on the energy efliciency of evacuated tube solar
collector. International Journal of Heat and Mass
Transfer. 2017 May 1;108:972-87. doi: 10.1016/j.
ijheatmasstransfer.2013.01.035.

Pise GA, Salve SS, Pise AT, Pise AA. Investigation of
solar heat pipe collector using nanofluid and surfac-
tant. Energy Procedia. 2016 Dec 1;90:481-91. doi:
10.1016/j.egypro.2016.11.215.



1266

J Ther Eng, Vol. 7, No. 5, pp. 12571266, July, 2021

(39]

(40]

(41]

[42]

(43]

Safikhani H, Abbassi A, Khalkhali A, Kalteh M.
Multi-objective optimization of nanofluid flow in
flat tubes using CFD, Artificial Neural Networks and
genetic algorithms. Advanced Powder Technology.
2014 Sep 1;25(5):1608-17. doi:  10.1016/j.
apt.2014.05.014.

Chougule SS, Sahu SK. Performance of carbon
nanotubes-water nanofluid charged wickless heat
pipe flat plate solar collectors having different filling
ratio. Journal of Solar Energy Engineering. 2015 Apr
1;137(2). doi: 10.1115/1.4028701.

Kakavandi A, Akbari M. Experimental investigation
of thermal conductivity of nanofluids containing of
hybrid nanoparticles suspended in binary base fluids
and propose a new correlation. International Journal
of Heat and Mass Transfer. 2018 Sep 1;124:742-51.
doi: 10.1016/j.ijjheatmasstransfer.2018.03.103.
Moslemi HR, Keshtkar MM. Sensitivity analysis
and thermal performance optimization of evacu-
ated U-tube solar collector using genetic algorithm.
International Journal of Heat and Technology. 2018
Dec 1;36(4):1193-202.

Tafarroj MM, Daneshazarian R, Kasaeian A. CFD
Modeling and Predicting the Performance of Direct
Absorption of Nanofluids in Trough Collector.
Elsevier Ltd, 2018.

(44]

(45]

[46]

(47]

(48]

Chougule SS, Nirgude VV, Gharge PD, Mayank M,
Sahu SK. Heat transfer enhancements of low volume
concentration CNT/water nanofluid and wire coil
inserts in a circular tube. Energy Procedia. 2016 Dec
1;90:552-8. doi: 10.1016/j.egypro.2016.11.223.
Ramesh R, Arulmozhi P Sathiskumar M.
Experimental Analysis of Flat Plate Solar Water
Heater using Cerium Oxide/Water Nano Fluid
Under Forced Convection. Int. J. Eng. Res. Technol.
2017;6(6):361-5.

Sharafeldin MA, Grof G. Evacuated tube solar col-
lector performance using CeO2/water nanofluid.
Journal of Cleaner Production. 2018 Jun 1;185:347—
56. doi: 10.1016/j.jclepro.2018.03.054.

Mahendran M, Lee GC, Sharma KV, Shahrani
A, Bakar RA. Performance of evacuated tube
solar collector using water-based titanium oxide
nanofluid. Journal of Mechanical Engineering
and Sciences. 2012;3:301-10. doi: 10.1017/
CB09781107415324.004.

Ishii S, Sugavaneshwar RP, Nagao T. Titanium
nitride nanoparticles as plasmonic solar heat trans-
ducers. The Journal of Physical Chemistry C. 2016
Feb 4;120(4):2343-8. doi: 10.1021/acs.jpcc.5b09604.



