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In this research work, dimple texture tubes and silicon dioxide (SiO2) nanofluid were used to analyze the performance
parameters of a solar water heater. For this purpose, SiO2 was mixed with deionized (DI) water using an ultrasonic
dispersion device to prepare the nanofluids (SiO2/DI-H2O). The size of the nanoparticle was in the range of 10-15 nm.
Different volume concentrations of the nanoparticles in the range of 0.1% to 0.5%, in steps of 0.1%, were chosen to prepare
the nanofluids to carry out the experiments. Apart from this, computational fluid dynamics (CFD) tool was used to
numerically analyze the parameters affecting the performance of the solar water heater, as well as the fluid flow pattern in
the dimple texture tube. During the experiment, the mass flow rate of the base fluid (water) varied in the range of 0.5 kg/
min to 3.0 kg/min in steps of 0.5 kg/min. The added advantage of the dimple texture tube design led to an increase in
turbulence in the flow pattern, resulting 34.2% increase in the convective heat transfer efficiency compared with the plain
tube. Among all experimental modules, SiO2/DI-H2O with a mass flow rate of 2.5 kg/min and 0.3% volume concentration
gives overall optimized results in absolute energy absorption, gradient temperature, and efficiency of the solar water heater.
The efficiency metrics of the experimental results were compared with the simulation results, and it was in the acceptable
range with an overall deviation of ±7.42%.

1. Introduction

Based on the global energy consumption rate, 86% of the
global energy is produced from fossil fuels which demands
a continuous rise in the requirement for fossil fuels. Conse-
quently, COx and NOx emissions from fossil fuels signifi-
cantly influence global warming [1]. This circumstance
demands the development of renewable energy technology
to reduce greenhouse gas emissions and air pollution simul-
taneously. Solar thermal, geothermal, biomass, marine, solar,
and hydropower are a few renewable energy sources globally
[2]. A solar collector is an efficient device to capture the
maximum solar energy from the sun [3]. The performance
of solar thermal systems can be further improved by system
optimization, heat transfer enhancement, and operation
optimization. The efficient operation of solar thermal sys-

tems combined with thermal energy storage systems is the
most important aspect of a large-scale solar energy utiliza-
tion. It should be noted that the utilization of solar thermal
energy will substantially impact the building environment.

Flat-plate collectors, evacuated tubes, and parabolic col-
lectors are the common types of solar collectors, and each
has its advantages and disadvantages based on the heat
transfer rate. Based on the application, the heat transfer
tubes in flat-plate and evacuated tube solar collectors vary
in shape and size. A vacuum is used to keep the absorption
plate within a glass tube in an evacuated solar collector to
decrease heat loss due to convection. A greater temperature
may be maintained in the evacuated tube solar collector than
in the flat-plate collector, which has a lower efficiency [1, 4,
5]. When erection costs are taken into account for solar
panels, the solar collector’s energy efficiency remains less

Hindawi
International Journal of Photoenergy
Volume 2022, Article ID 8595591, 14 pages
https://doi.org/10.1155/2022/8595591

https://orcid.org/0000-0003-3371-4619
https://orcid.org/0000-0002-2012-9288
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/8595591


[6, 7]. Hence, an increase in the efficiency of the different
solar collectors is a prime aspect to be focused on.

The solar thermal systems’ effectiveness entirely relies on
their collectors’ performance. Thermal and photovoltaic sys-
tems in the solar collectors are utilized to convert sunlight
into heat with the help of working fluids like air or water
[8, 9]. From an economic point of view, flat-plate collectors
are used to heat the working fluids. But the efficiency and
performance are poor. Several researchers have conducted
considerable research to increase the efficiency and perfor-
mance of flat-plate collectors without affecting the cost
[10]. Most researchers suggested that utilizing nanofluids
in place of ordinary fluids in solar collectors can increase
the performance of the flat-plate collectors. Bai et al. [11]
investigated nanofluids which are the suspensions of water
and nanoparticles in the range of 1–100 nm in size. They
identified that this kind of working fluid has a higher ther-
mal conductivity than its base fluid. The use of nanofluids
in solar thermal systems has significant positive impacts on
environmental, economic, and thermal aspects.

Moravej et al. [12] experimentally investigated the impact
of substituting water with surfactant-free water using flat-plate
solar collectors with rutile TiO2–water nanofluids as a working
fluid. They followed the ASHRAE standard; as per the stan-
dard, the flow rate of the heat transfer fluid (HTF), the sun
irradiation, and the temperature difference between the intake
and outflow were analyzed. They concluded that the thermal
efficiency could be improved by using TiO2–water nanofluids
instead of water alone. Mahian et al. [13] investigated the
usage of four different nanofluids (Al2O3water, TiO2/water,
SiO2/water, and Cu/water) in a mini-channel-based solar col-
lector. They found that Cu/water nanofluid exhibits the opti-
mum temperature at the exit and the lowest entropy at the
source with an increase in thermal efficiency. Parvin et al.
[14] conducted a numerical study to examine the direct
absorption collector, direct convection heat transfer efficacy,
and entropy production using Cu–water nanofluid as the
working fluid. They analyzed the effect of the Nusselt number,
entropy generation Bejan number, collector efficiency, and
solid volume fraction of nanoparticles on the collector’s per-
formance. They identified that isotherms and heat functions
for varied solid volume fractions and inertia forces signifi-
cantly affect the collector’s performance.

Noghrehabadi et al. [15] investigated the direct absorp-
tion of a flat-plate solar collector by a low-temperature
SiO2/water nanofluid. They evaluated the influence of one
of the stable nanofluids on the efficiency of a symmetric col-
lector in light of the previous results. In a flat-plate collector,
water and a SiO2/water nanofluid with a mass fraction of 1%
are tested as coolants. They concluded that employing SiO2/
water nanofluid as a coolant increases the collector efficiency
by improving its optical and thermophysical characteristics.
Ghalambaz et al. [16] investigated the viscosity and thermal
conductivity fluctuation of Al2O3 nanofluid as a working
fluid. They reported that with the increase in the concentra-
tion of Al2O3 nanofluid, the thermal conductivity increased,
and the viscosity of the working fluid decreased. Further-
more, they observed a 12.8% improvement in thermal effi-
ciency while the volume concentration of the nanoparticle

was 1%. Sujith et al. [17] studied the thermal conductivity
of Al2O3 and copper oxide (CuO) nanofluids, and they
revealed that the increase in the concentration of the nano-
fluids significantly affects the thermal conductivity. Further-
more, they observed that the thermal conductivity of CuO
nanofluid was greater than that of Al2O3 nanofluid at the
same concentration ratio.

Verma et al. [18] inspected the effect of thermal perfor-
mance of a flat-plate solar collector, employing nanofluids of
Al2O3, CuO, SiO2, TiO2, and graphene with multiwall carbon
nanotube (MWCNT). They reported that thermal efficiency
was enhanced by 23.5% withMWCNT nanofluid as the work-
ing medium. Yan et al. [19] investigated the thermal conduc-
tivity and transmissivity of the nanofluid of SiO2 and water
with a mass fraction of 1%, 3%, and 5%. They also numerically
analyzed the solar-collector vacuum tubes filled with water
(5wt. %) and nanofluid of SiO2 using a computer model. They
identified that the heat transfer properties of the SiO2/water
nanofluid were improved. Also, it was absorbed that the tem-
perature and velocity distributions of the nanofluid of SiO2
had a significant impact on the heat transfer than that of the
ordinary fluids. Yousefi et al. [20] experimentally studied the
effects of Al2O3/water nanofluid as a working fluid in a flat-
plate solar collector. Their study employed the nanofluid with
0.2% and 0.4% weight fraction and 15nm particle size and a
controlled mass flow rate of nanofluid in the range of 1 to 3
litres per minute, giving an increase in thermal efficiency of
28.3% in comparison to pure water.

Sundar and Sharma [21] experimentally investigated the
effect of Al2O3 nanoparticles in deionized water as working
fluid in a solar heater inserted with and without a twisted
tap. They conclude that the copper tube channels’ thermal
efficiency was significantly inserted with a twisted tap. Ekici-
ler [22] numerically investigated the heat transfer phenome-
non of Al2O3 nanoparticles with a volume fraction of 1% to
5% in a duct with a backwards-facing step. They observed
that the Nusselt number and Reynolds numbers were
directly proportional to the increase in the volume percent-
age of the Al2O3 nanoparticles. Thansekhar and Anbumee-
nakshi [23] studied the effect of nanofluids on the
improvement of heat transfer rate in a microchannel heat
sink. They identified that a higher volume concentration of
Al2O3 nanoparticles in the nanofluid exhibits an enhanced
heat transfer rate compared to SiO2 nanoparticles.

Kalidoss et al. [24] focused on Therminol 55-TiO2 nano-
fluids for solar energy storage. They utilized Fresnel lenses,
secondary reflectors, and a glass-type evacuated absorber
tube to improve the photothermal conversion efficiency.
They suggested that improvement in nanofluid concentra-
tion enhances the thermal conductivity, and the significance
of optical absorbance indicates nanofluids’ stability. Cardoso
et al. [25] evaluated the influence of TiO2/SiO2 nanoparticles
in terms of surface area, SEM/TEM morphology, and phase
transaction temperature. They found that photoanodes with
3% SiO2 are more efficient due to increased surface area, and
SiO2 passivation of imperfections increases the photocur-
rent. Ayoobi and Ramezanizadeh [26] documented the per-
formance and efficiency of the solar still combined with a
flat-plate collector in terms of energy, exergy, economic,
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and productivity. They observed that maximum efficiency of
60% was obtained in the flat-plate collector by improving the
evaporation rate with the aid of six microcompartments in
the collector basin. Cao et al. [27] numerically investigated
the entropic properties of flat-plate solar collector (FPSC)
with the number of swirls generating nozzles. They pre-
dicted the overall system performance using NE, NS, Nu,
and heat transfer improvement (HTI). They found that the
maximum value of HTI and efficiency were 1.7 and 0.9,
respectively, for the quad nozzle.

From the extensive literature review on the relevance to
the present works, it was observed that many authors had
adopted various methods to improve the performance of
solar water heaters by using the following techniques such
as varying nanoparticles size, use of mini-channel-based
solar collector, adoption of multiwall carbon nanotube, use
of twisted tap design, and use of microchannel heat sink. It
was clear that none of the researchers has used dimple tex-
ture tubes with nanoparticles for performance improvement
analysis and has not documented computational analysis for
dimpled tube texture using CFD.

In the present investigation, the authors have presented a
numerical and experimental analysis of a parabolic plate
solar water heater using a tube in tube type heat exchanger,
with a dimple inner tube having a P/D ratio of 3. Also, the
authors have used deionized water and nanoparticles of
SiO2 of size 10-15 nm at volume concentrations of 0.1 to
0.5% in steps of 1% to prepare the nanofluid. During the
investigation, the mass flow rate of the water in the tube
was varied in the range of 0.5 kg/min to 3.0 kg/min in steps
of 0.5 kg/min to analyze the absolute energy of the parabolic
collector, heat loss from the dimpled tube, parabolic collec-
tor efficiency, gradient temperature of the dimpled tube, fric-
tion factor for the working fluid, Reynolds number, Nusselt
number, and convective heat transfer coefficient of the dim-
pled tube. Also, the velocity, temperature, and pressure con-
tour of the PTSC were analyzed using CFD.

2. Material and Methods

In the present investigation, the performance parameters of
a parabolic trough solar collector (PTSC) were analyzed
using SiO2 nanoparticles with deionized water. The concen-
tration of the nanoparticles varied in the range of 0.1 to 0.5%
in steps of 1%. Apart from this, the copper tube of the solar
water heater was modified to make dimples on it to create
more turbulence in the working fluid. Also, the mass flow
rate of the water in the tube was varied as 0.5 kg/min,
1.0 kg/min, 1.5 kg/min, 2.0 kg/min, 2.5 kg/min, and 3.0 kg/
min to analyze the absolute energy of the parabolic collector,
heat loss from the dimpled tube, parabolic collector effi-
ciency, gradient temperature of the dimpled tube, friction
factor for the working fluid, Reynolds number, Nusselt num-
ber, and convective heat transfer coefficient of the dimpled
tube. Also, the performance parameters of a PTSC were ana-
lyzed by using the CFD tool (Fluent 18.0). The experimental
and the numerical results were compared and presented in
subsequent sections.

2.1. Design and Experimental Setup. The experimental setup
used in this present research is a geometric model consisting
of a dimpled tube of 1200mm in length and 50mm in diam-
eter, connected to a circular 1500-litre reservoir containing
working fluids, as shown in Figure 1. The solar radiation
strength of the outer dimpled tube was 847W/m2, and it
provided a steady heat flow with a turbulent flow of
500W/m2. SiO2/DI-H2O was used as nanofluid in the pres-
ent investigation, and it has a volume concentration of 0.1-
0.5% in steps of 0.1%. The dimple diameter chosen for mak-
ing the dimple was 0.05mm. The dimples were fabricated on
the outer surface of the tube with the help of a screw-type
punching die made of cast iron.

The specification of the experimental setup is given in
Table 1. The temperature measurements of the glazed solar
collector were recorded at an inclination angle of 45°. Two
mercury-bar thermometers were fitted to measure the work-
ing fluid temperature at the inlet and outlet of the PTSC sep-
arately. A positive displacement pump was used to maintain
the flow across the PTSC, and the flow was regulated with
the help of control valves. The mass flow rate of the working
fluid flow was measured with a flow meter, and it varied
from 0.5 kg/min to 3.0 kg/min depending on the valve regu-
lation and the stages of the experiment. A sun meter was
used to measure the solar radiation intensity, and it was
found to be 847W/m2.

2.2. Nanofluid Preparation. The nanofluid was made of
nanopowder of SiO2 of 99.7% purity, 20 nm average size,
and pH7, and density was 4170 kg/m3. The nanofluids were
made with 0.1 to 0.5 percent volume of nanoparticles in
steps of 0.1% each. The ultrasonic dispersion setup for the
nanofluid preparation is shown in Figure 2. By using this
setup, the dispersion of the nanoparticles takes place in DI
water to avert accumulation and assures a pH of 7. The spec-
ifications of the nanoparticles are given in Table 2. SiO2
nanoparticles have been purified in the ambient air with a
mesh size of 0.5μm. The thermophysical features of nano-
fluids were compared theoretically and experimentally and
explained in subsequent sections. The properties of nano-
fluids are given in Table 3.

2.3. Governing Equation. The problem statement can be
expressed in the form of governing equations [9, 18], as
shown below:

du
dx

+ dv
dy

+ dw
dz

= 0: ð1Þ

The momentum equations in x, y, and z are as follows
[9, 18]:

ρSiO2

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

+w
∂w
∂z

� �

= −
∂p
∂x

+ μ
∂2u
∂x2

+ ∂2u
∂y2

+ ∂2u
∂z2

 !
− ρSiO2

∝SiO2
gx T − Trefð Þ,

ð2Þ
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The energy is given by [9, 18]
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 !
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The density for both the base fluid and the SiO2 nano-
particles can be calculated using the correlation presented
below [9, 18]:

ρSiO2
= φ CP:ρð Þ + 1 − φð Þ βρð ÞSiO2

: ð6Þ

SiO2 nanofluid’s thermal conductivity was calculated
using the Maxwell model, which can be expressed in terms
of the following equation [9]:

kSiO2

kf
=
2kf + ks + 2φkf − 2φks
2kf + ks − φkf − φks

: ð7Þ

The successful dynamic viscosity association of Brink-
man has been used in this analysis [9]

μSiO2
=

μf

1 − φð Þ2:5 : ð8Þ

The evacuated tunnel was cut up and down. Hence, the

Dimple tube
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Water

SiO2

Inlet
temperature
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Pump
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Flow control valve
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Outlet
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(T2)

Sun

(a)

(b)

Figure 1: (a) Layout of the experimental setup. (b) Photograph of the experimental setup.
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heat was applied only to the upper part, where the lower part
was unheated. The top portion of the dimpled tube is
expected to receive 50% to 57% of solar radiation, while
the bottom receives less radiation unless the solar water
heater uses the reflector. The solar radiation intensity was
recorded from 8 am morning to 5 pm the evening using a
sun meter. 952W/m2 maximum sunlight radiation intensity
had been reached in the afternoon. The heated stream
around the dimpled tube has been considered to be 847W/
m2 in this analysis.

2.4. Grid Independence Test. Fine mesh size and shape are
the critical parameters to ensure the accuracy and quick
computational time of the CFD numerical calculation. In
this analysis, 3D meshes were utilized in the ANSYS plat-
form to analyze the influence of grid numbers on the maxi-
mum inside tank temperature. Figure 3 shows the highest
temperature within the tank converged at 308K. In the com-
putational domain, the element size was maintained in the
range of 586275.

2.5. Performance Analysis. The performance analysis was
carried out using two different techniques, and the estima-
tion readings were recorded from 8 am to 5pm. SiO2 levels
and flow speeds are measured in the dimples tube. The
experiments were carried out in six stages to achieve consis-
tency, and each stage consisted of 30 minutes. The collection
time constant of 64.25% complies with ASHRAE require-
ments; each 60-minute cycle was further separated into 20-
minute subcycles. Furthermore, the PTSC collector perfor-
mance was determined by linear regression at a minimum
of 20 data points at different inlet water temperatures to
carry out the steady-state model. Data was collected regu-
larly for several months.

2.6. Analysis of Collector Efficiency. The collector efficiency
reveals the entire radiation of the incident from the opening
area, and the collector produces the available heat gain as
shown in [9]

Qg = CPSiO2
TO − TIð Þ: ð9Þ

In Equation (10), the efficiency of solar collector for
PTSC has been obtained by [9]

ηc =
Qg

Aa
=
CPSiO2

TO − TIð Þ
Aa

: ð10Þ

The collector performance curve is plotted for a
sequence of 16 data points. A linear reverse fitting procedure
is used to locate the slope and intercepts. The following
equations denote the collector’s productivity as shown in [9]

ηc = ατ FRð Þ − ULFR

C
TO − TI

I

� �
: ð11Þ

As shown in Equation (11), where FRðηcÞ = ατðFRÞ indi-
cates the energy parameter is consumed, ULFR/C indicates
the parameter of removal energy, and ðTO − TIÞ/I indicates
the parameter of heat loss or collector’s function curve.
The relationship between the heat loss parameter and

Table 1: Specification of the experimental setup.

Specification Dimensions

Collector length 1800mm

Width of collector 1200mm

Length of absorber plate 1650mm

Thermal conductivity of absorber plate 387W (mK)-1

Width of the absorber plate 1000mm

Plate thickness 5 cm

The density of plate material 8954 kg/m3

The diameter of the riser pipe 0.0125m

The diameter of the header pipe 2.5 cm

The riser and head of thickness 7 cm

Tube centre to centre distance 11.25 cm

Glass and absorber plate between the spacing 30 cm

Thermal conductivity of insulation material 0.044W (mK)-1

The density of the insulation material 200 kg/m3

The thickness of the insulation material 0.05m

Area of the absorber plate 960 × 1000mm

The thickness of the riser tube 1mm

SiO2 nano power Di-H2O (De-ionized water)

H2O
H H

O

Nanofluid in UP 400S
ultrasonic processor

Figure 2: Ultrasonic dispersion setup for the preparation of
nanofluid.

Table 2: Specification of the nanoparticle.

Properties Values

Nanoparticle material SiO2

Density 4170 kg/m3

Molar mass of SiO2 60.0843 g/mol

Nanoparticle size 10-15 nm

Melting point 1986K

Boiling point 2503K

Thermal conductivity 1.38W/mK

Crystal structure Cristobalite

Purity of nanoparticle 99.7%

Specific surface area 160m2/g

Volume density 4170 kg/m3

Specific heat 880 kJ/kgK
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collector efficiency is shown in Equation (11). These values
were compared to prior versions using the new one. The
FRðηcÞ and ατðFRÞ intercept component with a linear regres-
sion approach. The collector’s overall efficiency for SiO2 at
0.3% has been 62.25% increased from 54.25% on the level
of base fluid at a comparable flow rate based on the regres-
sion equation of the DI water and quality of the SiO2 nano-
fluids. Experimental studies suggest that the highest exit

temperate of T = 93:15°C has been recorded due to the higher
period of interaction between the recipient surface and the
working fluid at a lower mass flow rate (0.5 kg/min–3.0 kg/
min). In comparison, the temperature graduate of ΔT =
ðTO − TIÞ was lower at the peak flow rate (m = 1:0 kg/s)
and corresponded to a more significant convective heat
transfer coefficient. In this investigation, parameters such as
friction factor, uncertainty analysis, Reynolds number, solar

Table 3: Properties of nanofluids.

Properties
DI H2O-SiO2

0.1%
DI H2O-SiO2

0.2%
DI H2O-SiO2

0.3%
DI H2O-SiO2

0.4%
DI H2O-SiO2

0.5%

Density, kg/m3 1014 1025 1029 1035 1042

Specific heat, kJ/kgK 410.6 414.8 418.5 422.7 427.8

Convective heat transfer coefficient, W/m2K 0.6723 0.7562 0.7825 0.8251 0.8452

Viscosity, m2/s 0.411e−6 0.388e−6 0.377e−6 0.286e−6 0.257e−6

Boiling point, °C 2950 2958 2960 2968 2970

Molar mass, g/mol 60.08 62.72 64.28 66.82 69.86

(a) (b)

(c)

Figure 3: (a) Plain tube. (b) Dimpled tube. (c) Dimpled tube with nanofluid.
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collector efficiency, Nusselt number, and convective heat
transfer coefficient were determined in the solar PTSC
system.

2.7. Uncertainty Analysis. For analysis and regression tech-
niques, all experimental values are averaged in numerical
and CFD analysis. The uncertainties of the variable effects
resulting from derived variables (ηc, Re, Nu, and f ) were dis-
covered in the experimental calculation of independent var-
iables (T , Qg). The standard deviation has been manipulated
by derived Equation (12) since each variable has been mea-
sured over a minimum of three intervals.

∋R =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∋1∂S
∂X1

� �
+ ∋2∂S

∂X2

� �
+ ∋3∂S

∂X3

� �
+⋯⋯⋯

∋N∂S
∂XN

� �� �s
:

ð12Þ

Based on Equation (12) [9], the proportional error is cal-
culated as follows:

ER =
∋R
S
%: ð13Þ

Solar PTSC performance depends explicitly on normal
direct irradiance, fluid inlet temperature, mass flow rate,
and outlet temperature (ηc, Re, Nu, f , T , and Qg). The fol-
lowing equation gives us clarity regarding the performance
of the solar collector, as shown in [9, 18]

ηc = f TO, TI , T ,Qg

� �
, ð14Þ

∋ηc =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂ηc
∂Qg

∋TO

 !
+ ∂ηc

∂TI
∋TI

� �
+ ∂ηc

∂TO
∋Qg

� �
+⋯⋯⋯

∂ηc
∂T

∋T

� �" #vuut :

ð15Þ

In Equation (16), flow rate with velocity (m/s) can be
expressed as [9]

∋V =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
∂V
∂m

∋m

r
: ð16Þ

In Equation (17), Nusselt number (Nu) with Reynolds
number can be expressed as [9]

∋Nu =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂Nu
∂ Re ∋Re

r
: ð17Þ

In Equation (18), Reynolds number (Re) with velocity
can be expressed as [9]

∋Re =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂ Re
∂∋V

∋V

s
: ð18Þ

In Equation (19), friction factor (f ) with pressure drop
ðΔPÞ can be expressed as [9]

∋f =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂f
∂ΔP

∋ΔP

r
: ð19Þ

The field under curves was eventually used to compare
cases for the collector’s overall efficiency index.

3. Results and Discussion

3.1. Flow of Velocity. For validating the experimental analysis
with simulation, the developed CFD models’ velocity magni-
tude was compared with the experimental values. Furthermore,
there was a positive correlation between the experimental values
for CFD analysis, as shown in Figure 4. Themagnitude of veloc-
ity has been determined in a steady state and utilized to deter-
mine the numerical model’s prediction efficiency. The
magnitude velocity displays the effects of the velocity contour
in the dimples tube. The flow behaviour is almost identical in
both experimental and CFD analysis, as illustrated in Figure 4.
Flow behaviour demonstrates a fair and accurate estimation
process and numerical procedure. In the experimental analysis,
nanoparticles of SiO2 containing the volume of concentration
0.1-0.5 percent were used to absorb the SiO2 levels in a solar
dimpled tube. The base fluid, nanoparticles, and nanofluid ther-
mophysical properties are comparatively analyzed.

3.2. Temperature Contour. The dimpled tube temperature
contour at different inclination angles with different nano-
fluid levels for PTSC is shown in Figure 5. The dimpled tube
flow is bailment-based, where the SiO2 nanofluid fills the
outer core of the dimpled tube, where the cold water from
the tank is passed through the inner core of the dimpled tube.
The inclination angle of the PTSC rises from 30° to 60°. At the
same time, the dimpled tube temperature decreases because
of a reduced buoyancy strength produced in the vicinity of
a tube and tank joint. Furthermore, the greatest velocity
and temperature have been achieved at a volume fraction of
0.3 percent in all angles. The magnitude plot of 0.1-0.5%
nanofluid and three distinct inclination angles at the tube
inlet are analyzed. Results showed that the dimpled tube flow
velocity at a tilt angle of 45° was recorded to be high. SiO2
fluid has been assumed to significantly influence thermosi-
phon phenomena at the analysis phase, contributing to the
above results.

3.3. Pressure Contour. The disparity between average Nusselt
numbers and volume spacing is shown in Figure 6 for the
various inclination angles from 30° to 60°. The average Nus-
selt number increases for all inclination angle values with the
increment in volume fraction. However, the rising inclina-
tion angle reduces the mean amount of Nusselt number for
the entire volume fraction concentration. This is induced
by developing and reducing the mean Nusselt number of
the weak secular recirculation at the higher inclination
angles. The adjustments in the Nusselt number in the heated
walls for 0.5 percent volume at different angles are observed.
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The experimental outcomes confirmed that the higher Nus-
selt numbers are attained at a small inclination angle.

3.4. Comparison Absolute Energy. Figure 7 shows the energy
consumed ατðFRÞ with the variation in flow velocity for dif-
ferent concentrations of nanoparticles.

A maximum range of 5.43% greater than the base fluid
has been observed in the 0.5 kg/min mass flow rate. The
inclusion of SiO2 nanoparticles is utilized to increase the
absorbed energy factor, and it depends on the velocity of
nanoflows, thermal conductivity, and basic heat power of
the operating fluid. The heat absorption of nanoparticles is
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Figure 4: (a) Flow of water in dimpled tube. (b) Low velocity with low flow rate. (c) High velocity with high flow rate.
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Figure 5: (a) Analysis of low temperature. (b) Analysis of high temperature.
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significantly improved at a volume concentration of 0.3%
because the flow rate decreases and the fluid viscosity
increases. Furthermore, Reynolds number also decreased.
As a result, it contributed to the reduction in the thermal
transfer coefficient and reduced the Nusselt number. The
energy factor is absorbed for three different flow rates with
the relative temperature of PTSC curves (0.5 kg/min-3.0 kg/
min). For each of the flow rates, the efficiency is determined
by the heat loss parameter ΔT = ðTO − TIÞ. The optimum
collector efficiency of 62.35% was observed at flow rate of
2.5 kg/min and nanoparticle volume concentration of 0.3%.
The variation in Nusselt number and Reynolds number is
directly proportional to the heat augmentation rate. The
working fluid in the dimpled tube with 0.3% of volume con-
centration of nanoparticles, at 2.5 kg/min, increases the Nus-

selt number by 2.5 times compared to the plain tube. It
clearly shows that the presence of dimples significantly
affected the improvement in heat transfer rate.

3.5. Analysis of Collector Efficiency. Figure 8 shows the collec-
tor efficiency improved by 11% and that the convective heat
transfer increased by 34.25% relative to the base fluid. The
collector efficiency and heat transfer have been enhanced
due to increased SiO2 nanoparticles’ absorbance and absorp-
tion coefficient. Consequently, a pressure drop in the gradi-
ent temperature increased the convective heat transfer
coefficient for nanofluids as expressed as ΔT = ðTO − TIÞ.
For higher volume concentrations (0.1 to 0.5%), there is an
11% improvement in the solar PTSC quality compared with
base fluid. The finding shows that the collector efficiency
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Figure 6: (a) Low-pressure contour. (b) High-pressure contour.
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Figure 7: (a) Mass flow rates vs. absolute energy parameter. (b) Volume concentration vs. heat loss.
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has been improved by 0.4%, while the volume concentration
is rising by 0.5% at the various flow speeds. Since solar PTSC
performance increased by an average of 0.5%, the volume’s
optimum concentration decreased to 0.3%. The flow rate is
often shown to be inversely proportional to the temperature
of the gradient. As a result, the flow rate increased, and the
heat transfer coefficient improved in SiO2 with the dimpled
tube resulting in a significant improvement in the collector’s
performance.

3.6. Analysis of Gradient Temperature. Figure 9 depicts the
temperature gradient maps at varying flow rates and concen-
trations of SiO2 nanoparticles and convective heat transfer
coefficients at different flow rates. These two graphs would

conveniently correlate the temperature, flow rate difference,
and heat transmission coefficient. Furthermore, the temper-
ature difference is minimal, and the heat transfer coefficient
is proportionally greater at velocity variance. The heat trans-
fer coefficient is smaller during higher flow rates of the con-
tact time on the surface (flow over time). At the same time,
the heat transfer coefficient is higher at a lower flow rate. For
nanofluids, a temperature gradient of 28.322°C has been
achieved at a lower mass flow rate and a temperature gradi-
ent of 7.45°C at a higher velocity flow rate.

3.7. Effect of Nusselt Number. The velocity flow and concen-
tration plots are illustrated in Figure 10 for experimental and
expected Nusselt numbers. An error value of ±3.12% has
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been observed between the CFD analysis and experimental
values. Empirical correlation calculations are performed
based on varying volume concentrations and velocity flow
rates as per Equations (16) and (17) for different Reynolds
numbers and Nusselt numbers. The developed model signif-
icantly improved the collector efficiency by 62.32% for the
Reynolds number range of (3256 < Re < 9685) and Prandtl
(6.324 to 9.254). Based on the outcomes obtained from
CFD and experimental analysis, a volume concentration of
0.3% at 2.5 kg/min exhibits an 11% increment in heat trans-
fer efficiency compared to other flow characteristics.

3.8. Effect of Friction Factor. The experimental and CFD
analysis plots for friction factors with various concentrations

and flow rates are illustrated in Figure 11. The friction factor
is measured as a product of pressure drop and the surface
roughness of the dimpled tube. Furthermore, the average
pressure drop is recorded as 2.36 kPa for the solar PTSC
system. In the current model, the deviation from the esti-
mated friction factor is roughly ±4.62%. The expected fric-
tion factor for a higher Reynolds number can deviate in a
range of ±11%. The efficiency metrics of experimental and
CFD analysis with various flow rates and concentrations of
nanoparticles and the deviations can be recorded as approx-
imately ±7.42% percent. It shows efficiency index combina-
tions for different Reynolds numbers and concentrations of
nanoparticles. At 0.1-0.5% of the volume concentrations
and a volume flow rate of 2.5 kg/min, the maximum output
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index is 2.42. The SiO2 nanofluid output index is larger than
1; in the PTSC application, the heat transfer increased in this
research. The efficiency variations are based on pH changes
and thermophysical nanofluid properties of SiO2. Particle
size affects the solar performances of PTSCs. Nanoparticles
of more significant sizes tend to spread and absorb radiation.
The measurement of the SiO2 nanoparticles should be 50 nm
to provide efficient heat transfer rates. In this analysis, the
average size of the SiO2 nanoparticles is 50nm. The heat
transfer has been improved in this research, and SiO2 nano-
particles were efficient for PTSC solar applications.

3.9. Variation of Pressure Drop Concerning Dimpled Texture
Tube. Figure 12 portrays the variation of pressure drop with
the variation in nanoparticle volume concentration and
mass flow rate. From Figure 12, it is observed that with an
increase in the concentration of nanoparticles, the pressure
drop increases irrespective of the mass flow rate of the water.
This is due to the rise in the volume density of the nanopar-
ticles in the nanofluid, which resulted in a more viscous flow
of the nanofluid due to an increase in density. From
Figure 12, it was also observed that dimpled tubes with
SiO2 nanoparticles exhibited a higher drop in pressure com-
pared to the plain tube with SiO2. This is due to increased
obstacles to fluid flow due to dimple texturing on the tube
surface. Apart from this, the dimpled texture offers more
drag force to be experienced by the molecules adjacent to
the inner tube layer during its dynamic condition. The pres-
sure drop of the solar water heater has increased gradually
with the increase in the mass flow rate of water. At a maxi-
mum mass flow rate of 3.0 kg/min and 0.5% volume concen-
tration, the pressure drop has been increased by around 5.5%
compared to the mass flow rate of 2.5 kg/min. The errors

observed in the experiment and simulation are 6.2% and
2.5%, respectively, indicating the linear relationship between
the experiment and simulation outcomes. Furthermore, the
pressure drop results of the experimental condition are sig-
nificantly higher than the simulation results.

4. Conclusions

The research analyzed SiO2 efficiency in heat transfer for
solar PTSC applications. Tests were performed using various
concentrations of nanoparticles and mass flow rates. The
numerical prediction was made on the SiO2/water nanofluid
collector, evacuated by thermosiphon, using commercial
ANSYS tools. For various conduit angles, the effect of nano-
particle volume fraction on the collector’s thermal efficiency
was studied. The most significant conclusions achieved in
this study are as follows:

(1) The nanoparticle volume fraction increases the heat
conductivity and Nusselt number of solar evacuation
pipes

(2) The inclination of 45° plays a significant role in
enhancing the thermal efficiency and increases the
evacuated tunnel’s thermosiphon effect

(3) At the nanoparticle volume fraction and angle of
inclination of 0.3 percent and 45 degrees, respec-
tively, the optimum speed and heat transfer change
were observed

(4) The nanofluid’s output index is 2.42 with a 0.3%
mass flow rate and concentration of 2.5 kg/s. The
PSPC with SiO2 nanofluid has a maximum overall
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efficiency of 34.25%, which is 11% higher than that
of the base fluid

Adopting this technology in operating the solar water
heater may enhance heat transfer efficiency. This technology
will provide added advantages to commercial solar water
heaters in both the industrial and domestic sectors.
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