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Abstract

A solar collector is a simple and cheap device that converts solar radiation into valuable heat energy. The thermal performance
of the solar collectors can be enhanced significantly with the suspension of nanoparticles in the base fluid. A novel design
for a solar-assisted water heater (SWH) is proposed in the current study, and the effect of nanofluid has been investigated on
the thermal efficiency of the SWH. The use of nanofluid is one of the prominent methods in comparison to other techniques
for improving the performance of solar collectors. Therefore, the base working fluid, i.e., water is mixed with the alumina
nanoparticles of average particle size of 30 nm, and they are assumed to be spherical. The flow and thermal characteristics of
nanofluid through the solar water heater are simulated numerically with the help of the Eulerian—Eulerian two-phase model
using the finite volume method (FVM). The commercial package ANSYS Fluent, is used for modeling the problem under
transient conditions with a pressure-based solver. In comparison to a conventional flat plate collector, the proposed solar
water heater consists of a corrugated absorber-plate and the effect of the radius of curvature has been investigated on the
heat transfer and collector efficiency. With the proposed design, the heat transfer area available with the riser tubes increases
remarkably and it leads to a 43% and 14% increase in heat transfer augmentation and collector efficiency, in comparison to
the conventional solar water heater.
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Greek symbols

i Viscosity (kg m™! s7h)

p  Density (kg m™)

@  Volume fraction (dimensionless)

Introduction

In the past few centuries, the energy demand has mostly
been fulfilled using fossil fuels only. According to the World
Energy Outlook report, more than 70% of global power pro-
duction is done by fossil fuels, and among it, 38% of power
is harvested by coal only (World Energy Outlook 2019).
These fuels are non-renewable sources of energy and will
be going to last in the next 50 years (Kalogirou 2009).
More importantly, the carbon dioxide and carbon monox-
ide released due to the combustion of these fuels results
in global warming, climate change, etc., which are directly
responsible for causing the melting of glaciers (or rising sea
water level), floods, droughts, etc. This reason motivated the
research community to find alternate energy sources which
are eco-friendly, clean, and non-exhaustible. Renewable
energy sources like solar energy, wind energy, geothermal
energy, etc. are the best alternatives for fossil fuels as these
are freely available and environment friendly. As per the
International Renewable Energy Agency (IRENA), it is pro-
jected to increase global power production using renewable
energy by up to 40% by 2049 (IRENA 2018). Thus, there is
a lot of scope in the renewable energy sector and there is a
need for time to design and develop improved systems for
harvesting renewable energy.

Solar energy is present abundantly and almost every-
where on Earth, and there is no carbon generation taking
place while harvesting energy from solar energy. The heat
exchanger used for harvesting thermal energy from solar
radiation is called a solar collector, and it is simple in design,
low cost of manufacturing, durable, and reliable. For the
low-temperature range, the flat-plate solar collector is used
(Kalogirou 2009). The working fluid can be either air or
water depending on the purpose of use. With the use of solar
water heaters, the water heating cost can be reduced by 70%
in domestic applications, and more importantly, it is almost
maintenance-free (Jobair et al. 2018). Usually, the thermal
performance of the solar collectors is not up to the mark
because of the constructional, material, and working con-
straints (Kumar et al. 2020; Goel et al. 2021). Different tech-
niques can be used for improving the performance of solar
collectors like artificial roughnesses (Azari et al. 2021), fins,
and baffles (Abo-Elfadl et al. 2021), jet impingement (Goel
and Singh 2021), nanofluids (GaneshKumar et al. 2022),
etc. Among all other techniques, the properties of the work-
ing fluid can be improved considerably with the suspension
of the nano-sized particles in the base fluid (Choi 1995).

In the case of nanofluids, the nanoparticles have relatively
higher heat-conducting properties, and when these particles
are suspended in the base fluid, it collectively enhances the
thermophysical properties of the working fluid (Xuan and
Li 2020).

Many studies (both experimental and theoretical) have
been performed by different researchers using differ-
ent types of nanofluids (Eastman et al. 2001; Ali et al.
2003; Shafahi et al. 2010; Zhu et al. 2011; Sasikumar
et al. 2020). There are different parameters like the con-
ductivity of base fluid and nanoparticles, and the volume
fraction of nanoparticles plays a vital role in deciding the
thermal conductivity of nanofluid (Natarajan and Sathish
2009). With the 0.05% concentration of CuO nanoparti-
cles, the thermal performance of the solar collector can be
improved by 6.3% (Michael and Iniyan 2015). In another
study, the 25-nm-sized Cu nanoparticles with 0.1% weight
concentration in water resulted in a 23.83% increase in
the solar collector efficiency (He et al. 2015). The effect
of metal (Cu) and metal oxide (CuO) on the thermal con-
ductivity of nanofluid has been investigated by Milanese
et al. (2016). The two layers of the water molecules formed
around the Cu nanoparticles (called the layering phenom-
enon) which resulted in higher thermal conductivity of the
Cu-based nanofluid in comparison to CuO-based nano-
fluid. Tacobazzi et al. (2016) have analyzed the effect of
Brownian motion, thermal boundary resistance, cluster-
ing, etc. on the thermal conductivity of the Al,O5-based
nanofluid. Among all other mechanisms, the mass differ-
ence scattering is the most intensive which reduces the
thermal conductivity of the nanofluid. Sundar et al. (2020)
have considered the wire coil rod insert in a solar collec-
tor having an Al,O;—water nanofluid. The different con-
centrations of Al,0; nanoparticles are used which varied
from 0.1 to 0.3%. The maximum efficiency of the collec-
tor obtained is 37.73% at nanoparticles concentration of
0.3%, and while a wire coil rod is inserted in the system,
the collector efficiency further improved to 64.15%. The
thermal conductivity of the Al,O;—water nanofluid not
only increased with the volume fraction but also improved
with the temperature, and it is reported that at a volume
fraction of 1%, the thermal conductivity improved by 2%
at 21 °C and 10.8% at 10.8 °C (Das et al. 2006). In an
experimental study, Pang et al. (2012) reported that the
thermal conductivity of Al,O;—methanol nanofluid was
found maximum which is 10.7% (at 20 °C and 0.5% vol-
ume fraction) higher than the base medium. Eidan et al.
(2018) have used acetone as base fluid, and nanoparticles
of Al,O; and CuO are suspended in it with the volumet-
ric concentration of 0.25 and 0.5%, respectively. Under
experimental conditions, it is noticed that with the use of
higher volumetric concentration, the CuO nanoparticles
get settled down more frequently in comparison to the
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Al,O;. The efficiency of the solar collector was claimed
to be higher with the use of nanofluids than the acetone
only, and it increases with the increase of volume concen-
tration from 0.25 to 0.5%. Huang and Marefati (2020) have
investigated the influence of Al,O5 and CuO nanoparticles
on the efficiency of different types of solar collectors (that
are the flat-plate and parabolic trough, parabolic dish col-
lector, and linear Fresnel solar reflector) in two different
base fluids, i.e., water and Thermia Oil B. Among these,
the highest first and second law efficiency is noticed in
parabolic dish collectors with working mediums such as
water—CuO nanofluid and Thermia Oil B—CuO nanofluid,
respectively. Furthermore, depending on economic analy-
sis, it is claimed that the levelized cost of electricity for
parabolic dish collectors was 28.7% less for water—Al,O,
nanofluid in comparison to water—CuO nanofluid. The
long-term performance assessment (in terms of produced
thermal energy and solar fraction) of nanofluid-based solar
collectors for heating application is carried out by Harrabi
et al. (2021). TRNSYS (commercial software) is used for
estimating the performance assessment of the solar collec-
tor. The environmental impact is also estimated consider-
ing collected energy gain, and based on the analysis, it is
claimed that the use of nanofluid (water—Al,O5) can reduce
the emission of a greenhouse gas like CO, to a great extent
by 0.38 t per year in Quebecois climate. Colangelo et al.
(2017) have used the RadTherm (a commercial software)
to estimate the influence of Al,O; nanoparticle concentra-
tion on the efficiency of the solar collector. With the 3%
volume fraction of nanoparticles, the thermal efficiency of
the collector increased by 7.54% in comparison to the col-
lector with bi-distilled water as a working fluid. There are
different problems such as sedimentation, stability, etc.,
and these problems have been studied for Al,O;-Thermi-
nol nanofluids by Colangelo et al. (2016). The tempera-
ture while preparing the sample plays an important role in
the stability of the Al,0;—Therminol nanofluids, and the
long-term stability of nanofluids can be maintained with
the presence of surfactants. Whereas, the sedimentation
increases with the decrease of temperature during the mix-
ing of Al,0;—Therminol nanoparticles with the help of a
magnetic stirrer. The sedimentation phenomenon increases
drastically with the clustering size of the nanoparticles
(Iacobazzi et al. 2019). Few studies were carried out on
the design modification of solar collectors by Matrawy
and Farkas (1997) and Kang et al. (2017). The comparison
between parallel-tube, Serpentine-tube, and two parallel
plates SC for water heating application has been done by
Matrawy and Farkas (1997), and it is found that the SC
with parallel plate results in relatively higher efficiency
which is 10% and 6% more than the parallel-tube and ser-
pentine-tube SC, respectively. Kang et al. (2017) has also
proposed and compared the flat plate SC with a U-tube
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collector. It is claimed that under a similar flow medium
(i.e., Al,O5;—water), the efficiency of flat-plate SC found
is 14.8%, which is higher than the U-tube solar collector
(with a value of 10.7%).

Visconti et al. (2016) have designed a programmable
electronic system that monitors the environmental param-
eters (like temperature, light sensing, etc.) and also manages
the electrical function to operate the external equipment to
optimize the performance of the thermo-solar plant. With
the use of Al,05;-based nanofluid, the efficiency of the solar
plant increases, and in comparison to the conventional solar
plant, higher performance is obtained.

In context to the literature, the suspension of nanopar-
ticles with better thermal conductivity in base fluid results
in significant improvement in thermophysical properties of
the base fluid which collectively gives better collector effi-
ciency. More importantly, there is no such article in the liter-
ature that analyzed the impact of using corrugated absorber
plates in the solar water heater. This reason motivated the
present investigation, and this is the novelty of the work
that corrugated absorber plate is used in solar water heater
instead of a flat plate. For improving the thermophysical
properties of the base fluid, the nanoparticles of alumina
are suspended in it. Therefore, in the present investigation,
the effect of both nanofluid and corrugated absorber plate
has been investigated on the heat transfer characteristics and
collector efficiency. The analysis was carried out using com-
mercial computational fluid dynamic (CFD) code with the
help of the Eulerian—Eulerian (two-phase flow) model under
transient conditions. This study helps for fulfilling the fol-
lowing objectives:

i. For understanding the heat transfer rate variation with

and without the nanoparticles in the solar water heater.

ii. Among flat-plat and corrugated-plate which one is
effective and gives better results.

Problem formulation

The SC considered in the present investigation consists
of a corrugated-shape absorber plate, copper riser tube,
and nanofluid (in which Al,O; particles are suspended in
the water). The constructional details of modeled SC are
shown in Table 1. The flow rate within the riser tube is kept
below 0.016 kg s~! to ensure the homogenous distribution
of temperature (Facao 2015). For effective utilization of the
available computational facilities, only a single rise tube is
assumed to be attached underneath of absorber plate and the
schematic of the proposed SC is presented in Fig. 1.
Furthermore, the computational domain is designed
using a plane of symmetry boundary condition, and thus,
simulations have been performed for the half portion of
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Table 1 Specification of the modeled SC

Parameter Specification

Collector dimensions
Length of absorber plate (L,) 1m

Width of absorber plate (W) 0.1 m
Thickness of absorber plate (Tp) 0.5x10 m
Riser tube diameter (D,) 125%1073 m
Riser tube thickness (7) 1x103m

Properties of absorber plate

3.86x10°Wm—1K"!
8.9%10° kg m™

Thermal conductivity
Density

the geometry. The CFD-based model was developed to
estimate the thermal efficiency of the proposed SC under
the following assumptions:

i. The considered nanofluid is assumed to be laminar,
incompressible, spherical, and chemically non-reactive.

ii. The scattering effect for base fluid, i.e., water, is neg-
ligible.

iii. The solar radiation incident is perpendicular to the
absorber plate with an intensity of 800 Wm™2

iv. The temperature rises in SC are limited to normal
values, and due to this, the variation in thermo-
physical and optical properties is assumed to be
negligible.

v. The corrugated absorber plate is assumed to be in
thermal equilibrium with the working medium due to
negligible thickness.

vi. The nanoparticles of Al,O; are stable in water under
thermal conditions and there is no slip.

Mathematical modeling

The Eulerian—Eulerian two-phase approach is used for
simulating the thermal and flow characteristics in the
proposed SWH. The alumina nanoparticles of size 30 nm

Fig. 1 Schematic of the pro- oo
posed design and its computa- /
tional domain for analysis

radius of curvature of
corrugated absorber plate
(R

tube carrving

working fluid i.e.

nanofluid

i. Proposed design of solar-assisted water heaters

are suspended in the water with a volume concentration
(i.e., volume fraction; ¢) of 1%. The flow and heat trans-
fer equations for base fluid (i.e., water) and nanoparticles
are defined separately with the help of the Eulerian—Eule-
rian approach and solved separately to understand the flow
dynamics of the nanoparticles and base fluid, separately,
so that, the behavior of nanoparticles can be understood
in the base fluid. For solving the defined set of governing
equations, the commercial ANSYS Fluent package has been
used. The steps of the procedure for solving the problem are
given in the following:

a. First of all, the conservative equations are integrated
over the control volume.

b. Conversion of integral equations into the algebraic equa-
tions by using appropriate discretization techniques.

c. Find the solution by solving algebraic equations with
appropriate iterative techniques and boundary condi-
tions.

The governing equations for the present problem can be
expressed as:

V(d)ipivi) =0 )

where @;, p;, and v; are the volume fraction, density, and
velocity of the ith phase.
The volume of the ith phase can be expressed as

Vol, = / $.0Vol 2)

The relation between both the phases, i.e., water and nano-
particles, can be developed with the help of volume concentra-
tion which can be expressed as:

b+, =1 3)

The momentum equation for base fluid can be expressed
as

Corrugated
absorber plate

)

iz

- \

N

Passage for the tube
flow of nanofluid

(Al20:-water)

I
i |
] |
| / |
— w2 —

ii. Computational domain of the proposed design
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V.(pupuvuVy) + (6,VP) = V(b1 V3,) + K, (V, = 7,)

“

Similarly, for nanoparticles, the momentum equation can
be written as:

V.(¢.0,7.7,) + (6,YP) = V.(¢p,u,V%,) +K,,(V, - 7,,)
®

where K, is the coefficient of momentum exchanger

between both the phases, and it can be calculated as:

3
Kwn = Z(¢w¢npnCDRen) X 42 (6)
In Eq. (6), the Cj, is estimated based on the Schiller and
Naumann model (1935) and Re,, can be calculated using fol-
lowing relation:

Re

n

Pw ;1= o
= _dnlvn - vw| (7)
The thermal behavior of the base and nanoparticles is
modeled by defining separate equation for both the phases,
and these equations are:

V¥, — V.G, + h,(T, — T,(forbase — fluid))
(3)
V.A(bup,h¥,) = (bu1,V,) : V¥, = V.G, +h,(T, — T,)(for nanoparticles)
©)
In Eqgs. (8) and (9), the A, is the coefficient of volumetric
heat transfer and it can be calculated as:

V(o V) = (b, V9,) :

Nu,
h, = (6Ck, b, ¢,) X - (10)

where C is the constant and it can be calculated based on
Re and volume fraction (¢). The expression for estimation
of Cis:

Cc=10"x (|5A505 —9.606 x 107°Re? + 1.539 x 10™2Re — 3.973 X 10°¢

) (1)

The heat transfer associated with the nanoparticles can
be estimated using the correlation developed by Ranz and
Marshall (1952).

Thermophysical properties of nanofluid

With the suspension of nanoparticles in the base fluid,
the thermophysical properties of the fluid improved con-
siderably which leads to the better overall performance
of the SC.

The density of the nanofluid is predicted using the fol-
lowing expression:

Pu= 0,1 =)+ (p, X D) (12)
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where p,, and p, presents the density of the base fluid (i.e.,
water) and nanoparticles, respectively. ¢ is calculated using
the expression (Azmi et al. 2013):

_ (a))(pw)
?= | 1=001xw) + (0.0 x@)p, (13)

The correlation developed by Pak and Cho (1998) has
been used for calculating the viscosity of the nanofluid:

B o [1439.11¢ + 533.9¢7] (14)

Hy

For estimating the thermal conductivity of the nanofluid,
the correlation developed by Khanafer and Vafai (2011) is
used, and it can be written as:

k, =k |1+ 1.0112 + 243756 x ( 21} — 0.0248¢ x Ks
n— ' ' d, ' 0.613

as)

where K is the Stefan-Boltzmann constant.

Numerical simulation

The flow-governing equations for a multiphase problem
have been numerically solved with the help of commer-
cial CFD code (i.e., Fluent). The entire set of governing
equations was solved via discretizing the fluid domain
using the finite volume method which facilitates the
conversion of partial differential equations (PDEs) into
simplified algebraic equations. The Eulerian model is
used for numerical modeling of the two-phase model in
which the different phases are treated mathematically as
interpenetrating continua and a set of governing equa-
tions were solved separately for each phase [ANSYS,
Theory Guide].

In numerical simulation, convergence is one of the main
concerns and for attaining the convergence, the appropri-
ate numerical strategy is required. The flow-governing
equations were solved under specified boundary conditions
with the help of a pressure-based solver along with the
segregated iterative scheme. The least-squares cell-based
gradient scheme was considered for spatial discretization.
The simulations are performed under transient conditions.
The continuity and momentum equation is discretized
using the upwind scheme of the second order, while the
energy equation is discretized using the first-order upwind
scheme. The volume fraction is discretized using a QUICK
scheme. For ensuring the smooth convergence of the solu-
tion, the under relaxation factors were kept to be with
default values. The convergence of the solution is deter-
mined based on the different calculated variables which
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are mass, velocity, volume fraction, energy, etc., and the
residual values for all the variables were considered to be
1073, In addition to this, the convergence was also deter-
mined from the mass flux report where it was checked that
the net mass balance, i.e., the difference between inlet and
outlet mass, must be close to zero.

Meshing and grid-independence test

The proposed SC consists of a circular pipe with a nano-
fluid flowing through it and the top surface of the pipe is
exposed to solar radiation which causes the transfer of heat
from the solar radiation to the nanofluid flowing through the
pipe. There exist both solid and fluid bodies and for ensur-
ing the accuracy in the results, the inflation of fine elements
which increases at the rate of 2.5 is placed at the interface
of the solid and fluid body. Thus, at the periphery of the
pipe, the hexahedral meshing is created because it provides
an accurate solution with less number of cells in compari-
son to tetrahedral mesh. It is also taken care of during the
meshing that the y* value remains less than 1, such that the
transfer of heat can be accurately modeled from the solid
to the fluid body. While at the center of the pipe, the tem-
perature gradient is marginal which allowed the creation of
relatively coarse meshing with triangular-shaped elements.
The schematic of meshed domain with different boundary
conditions is shown in Fig. 2, and the details of element size
are given in Table 2.

It is also ensured that the simulated solution is free
from the number of grid elements that were generated
during the meshing and that grid independence is checked

Fig.2 Schematic presentation
of different boundary conditions

at Reynolds number (Re) of 700 for ¢ =5%. A total of six
different sets of grid system with elements of 534,346,
854,295, 1,024,682, 1,396,748, 1,643,296, and 1,803,046
is examined for grid independence. Figure 3 presents the
variation of nanofluid outlet temperature (T,,) for dif-
ferent grid systems. It is found that with the refinement
of the grid systems, the solution progresses towards grid
independence. As it can be seen that after the 1,643,296
number of elements, there is a marginal increment in the
T, value which is even lower than 1%. Thus, it is con-
cluded that after 1,643,296 elements, the solution remains
unaltered even further refining the grid size.

Data reduction

With the help of numerical simulations, the temperature
of outlet fluid and absorber plate is estimated, and based
on that, the useful energy (Q,) is calculated under steady-
state conditions. The Q, is equaled to the difference of heat

Table 2 Details of the meshing

Body Type of mesh- y* value Number of Distance of

ing inflation layers first inflation
layer from the
adjacent body
(x107)
Fluid Hexahedral and 0.95 25 0.6
tetrahedral

0000 so00 10000 (mem)

T

2500 7500

i. Meshed view of the computational domain

Inlet

Healin;i

<outlet

Insulation

Inlet “Velocity boundary I)Mﬂe{:.’r»Pressure boundary |Insulation -Adiabatic boundary Eeflti"\gff'Exposed to constant heat flux

ii. Presentation of different boundary conditions for simulating the problem
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320 —— Without nanoparticles (Dittus-Boelter equation)
—— With nanoparticles (Sunder et al. 2017)
318 53T X Without nanoparticles (Present)
316 + With nanoparticles (Present)
514
314
- 49
PE 312
310 1

308

306
304.76
304

5.0E+05

1.0E+06
Number of elements

1.5E+06 2.0E+06

Fig.3 Grid-independence test for outlet temperature (T,)

received from the solar radiations (Q,) and heat loss (Q))
to the surrounding, i.e., atmosphere. It can be expressed as

0,=0,-9¢ (16)
where

Q,=IA A7)
and

Q,=hA(T. - T) (18)

where T, and T, are the temperatures of the collector and
surrounding, respectively.

The Q, can also be estimated from the heat that is carried
away by the fluid flowing through SC, i.e.,

Q,=mC,(T,-T) (19)
The efficiency of the SC can be estimated as

Qu mCP(TO - Tl)

=0 i (20)

The average Nusselt number (Nu,) depends on heat
capacity, thermal conductivity, viscosity, volume fraction,
etc., and it can be calculated as:

k, 26
Nu,=—-—=X— 21
rer @1)
where
(To - Ti)
Y 2
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Fig.4 Validation of model with Nasrin and Alim (2014)

Validation

The validation is the most important part of the numerical
simulation in which the predicted results are compared with
the well-established finds. In the present study, the input
parameter, i.e., heat flux of solar radiation (I,), inlet fluid
temperature (7;), mass flow rate of fluid at the inlet (m),
and atmospheric temperature (7,,) was used, and based on
these parameters, the output parameters, i.e., absorber plate
(T,,) and outlet fluid temperature (7,), are predicted under
steady state. The validation of the numerical model has been
carried out in two different steps: preliminary with the Dit-
tus—Boelter equation (provided in Eq. 13) while it is consid-
ered that water is the working fluid in SC; final results of the
nanofluid-based SC were validated with the experimental
findings of the Sundar et al. (2017).

Equation (13) is applicable to validate the results when
the working fluid is only water, and the results of the
comparison are summarized in Fig. 4. It is noticed that
the adopted numerical methodology predicts results that
match closely with the Nu, calculated using Eq. (13) with
a maximum deviation of less than+5%. In the second
step, the proposed methodology for nanofluid is validated
with the experimental findings of Sundar et al. (2017), and
during this, the water properties were replaced with the
Al,0; nanofluid having a volume fraction of 0.1%. With
the use of Al,0; nanofluid, the Nu, improved by 6.26% at
Re of 5000 in comparison to water SC. At a similar volume
fraction, the numerically simulated results of Nu, have
been compared with the results of Sundar et al. (2017) and
the results are presented in Fig. 4. Compared results have
shown a good match between each other with a maximum



Environmental Science and Pollution Research (2023) 30:3942-3952

3949

error of less than +6.5%, and thus, the proposed numerical
methodology was found to be suitable for further analysis.

Results and discussion

The CFD model of the proposed SC is designed to under-
stand the effect of the radius of curvature (RC) of the cor-
rugated absorber plate on the outlet temperature (7)) of the
water—Al,O; nanofluid, Nusselt number (Nu,), and collec-
tor efficiency (7). The numerical data is collected under
steady-state conditions for Re ranging from 300 to 1500.

335 - —— RC=45 mm
—&— RC=60 mm
—8— RC=70 mm
15 £ — — - flat-plate SC

330

320 +

To

315 +

310 +

305

300

200 400 600 800 1000 1200 1400 1600
Re

Fig.5 Variation of 7, with RC

Fig.6 Variation of the tem- l

perature profile in different

configurations

ii. Conf. 2

_

The volume fraction (¢) of nanoparticles in the water is kept
constant, i.e., 1%.

Figure 5 presents the variation of 7, with Re for vari-
ous RC values. It is noticed that with an increase in flow
rate, the T, decreases considerably. Furthermore, there
is a remarkable change in 7, found with the variation of
RC from 45 to 70 mm in three configurations. The mini-
mum 7, is obtained in the case of conventional flat-plate
SC, and it decreases with the decrease of RC from 70 to
45 mm. The nanoparticles which were presented in the
fluid rapidly get heated up (due to relatively low velocity
in the base fluid and with higher thermal conductivity in
comparison to the base fluid) and attain the temperature
as that of the absorber plate (Nasrin and Alim 2014).
Because of this, the T, obtained in the nanofluid is com-
paratively higher than the normal SC. As the overall ther-
mal conductivity of working fluid increased with the sus-
pension of nanoparticles, it allows more thermal energy
from the corrugated absorber plate in comparison to the
simple flat-plate SC. This creates a higher temperature
region near the interface of absorber plate and nanofluid
as it can be seen in Fig. 6. Furthermore, for an effective
SC design, the T, should need to be as close as possible
to the absorber plate temperature because this indicates
that the maximum heat is extracted from the absorber
plate to the nanofluid which flows through the riser tube
(Gunjo et al. 2017). Besides this, it keeps the absorber
plate temperature low which resulted in low heat loss
from the glass cover to the surrounding (Kasaeian et al.
2015). In the case of flat-plate SC, the absorber plate is
flat and there is a line of contact that takes place between

Hot spot near the
corrugated absorber plate

iii. Conf. 3
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the absorber plate and the riser tube. But, with the pro-
posed SC, the contact area between the absorber plate
and the rise tube is increased, which helps the rise tube
to extract more amount of heat from the absorber plate,
and thus, the T, increases.

The effect of using a corrugated absorber plate on heat
transfer is studied based on Nu,. Figure 7 depicts the plot
of Nu, vs Re for different RC values. At lower Re, the
Nu, is comparatively low and it is increasing significantly
with the increase of Re from 300 to 1500. The augmenta-
tion in heat transfer occurred due to the fact that with the
increase of Re, the sedimentation of the nanoparticles
in the base fluid decreased, and therefore, the nanopar-
ticles take effective part in the heat extracted from the
absorber plate of the SC. In comparison to water-based
SC, there is a remarkable augmentation in Nu, noticed in
the proposed SC with water—Al,O5 as a working fluid.
Moreover, the RC variation also shown a good improve-
ment in Nu,. The corrugated absorber plate also improves
the heat transfer area between the absorber plate and tube.
Due to this, there is a better heat transfer from the tube to
the working fluid, and thus, an increase in Nu, is noticed.
This fluctuation in Nu, occurred due to the presence of
nanoparticles of aluminum oxide in the water solution.
With the suspension of these nanoparticles, the thermo-
physical properties (especially thermal conductivity) get
improved which allow nanofluid to capture, gather, and
transfer thermal energy easily with the surrounding fluid
molecules. Due to this, the heat convection rate improves
remarkably in the riser tube (Takabi and Shokouhmand
2015). The thermal conductivity of the working flow
improved considerably, and it leads to a better augmen-
tation of Nu, in the SC. The maximum augmentation in
Nu, has occurred in the case of RC=70 mm, which is
approximately 69% higher than the pure water-based SC.

—&— RC=45 mm

—a&— RC=60 mm

19 —&— RC=70 mm

— — Base fluid (i.e. water)

200 400 600 800 1000 1200 1400 1600
Re

The effectiveness of the SC can only be measured
based on efficiency which is defined as the ratio between
useful heat gain (Q,) and available solar energy (Q,). The
useful heat gain using the SC can be easily calculated
from the amount of heat that was carried out by the work-
ing fluid which flows through the SC. Figure 8 shows the
variation of SC efficiency (,.) with Re. The 7, increases
considerably with the variation of Re from 300 to 1500.
In comparison to flat-plate SC, the 7, found in corrugated
plate SC is approximately 14% higher under a similar
nanofluid. This happens due to the increase in Q, due
to increasing the available heat transfer area by provid-
ing a corrugated absorber plate. With the variation of
RC from 45 to 70 mm, the contact area between the tube
and absorber plate increases, and due to this reason, the
available heat transfer for the tube is increased. Moreover,
the nanoparticles present in the water (i.e., base-fluid)
improve the thermal conductivity of the working medium,
i.e., nanofluid which increases the rate of heat transfer
from the corrugated absorber plate to the adjacent nano-
fluid flowing through the riser tube. Therefore, consid-
erable augmentation in Q, takes place. Because of this
reason, the thermal efficiency (#,.) of the SC increases.

The Nu, calculated for the proposed SC is compared with
the results presented by Sandhu (2013), and the results of the
comparison are shown in Fig. 9. In comparison to the results
presented by Sandhu (2013), the Nu,, found in the proposed
SC is approximately 43% higher at Re of 1400. Due to this,
it is concluded that the corrugated plate SC is a better option
than the flat-plate SC. The presented design of SC gives
higher Nu, along with 7, in comparison to flat-plate SC, and
the reason for the same is the higher available heat transfer
area in the proposed SC.
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Fig.7 Nu, vs Re for different RC values
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Fig. 9 Comparison of Nu, with Sandhu (2013)

Conclusion

The influence of radius of curvature (RC) of corrugated
plate solar collector is studied with the help of commercial
ANSYS (Fluent) software. The base working fluid is sus-
pended with the Al,O; nanoparticles to improve the ther-
mophysical properties of the SC. The numerical simulations
lead to the following conclusions:

1. By using the corrugated plate instead of the flat plate,
the available heat transfer area for the useful heat gain
increases remarkably which gives better performance.

2. The corrugated plate increases the augmentation of
heat through the solar collector in comparison to the
flat plate.

3. In comparison to the flat-plate solar collector, the heat
transfer found in the proposed SC is approximately 43%
higher at Re of 1400.

4. The collector efficiency found in corrugated plate SC is
approximately 14% higher than the flat-plate one.
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