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Abstract: The influence of different concentrations and
nanoparticles’ diameter of silicon dioxide nanoparticles
on the Nusselt number enhancement ratio and friction
factor for solar thermal collector (STC) was examined
numerically. The CFD model was designed to show the
influence of the flow of water/SiO, and pure water inside
the pipe on the enhancement of the performance of the
STC. Different concentrations of SiO, nanoparticles are
used (¢ = 1-4%) with several nanoparticle diameters
(dp = 20-50 nm). The water/SiO, and pure water flow
under different Reynolds numbers ranging from 5,000
to 30,000. The average Nusselt numbers Nu,,, improved
by increasing the Reynolds numbers for both fluids. The
Nu,,e increases with the increase in the concentration
of Si0, nanoparticles. The water/SiO, with nanoparticle
concentration of (¢p = 5%) and nanoparticle diameter of
(dp = 20 nm) has the highest Nusselt number. The Nu,yg
enhances 25% with water/SiO, nanofluid flow at Re =
5,000 and 15% flow at Re = 30,000. It is noted that the
skin friction factor decreases with the increase in the
Reynolds number for both fluids. Water/SiO, nanofluid
has a higher skin friction factor than pure water. The
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Nu,y, improved by 31% at the lowest Reynolds number
by using water/SiO, nanofluid as the working fluid with
a change in the concentration of SiO, nanoparticles from
(¢ = 1%) to (¢p = 4%) and improved by 42% at the highest
Reynolds number of 30,000. The decrease in the nano-
particle diameter led to an increase in the Nusselt number
across all Reynolds numbers. The lowest size SiO, nano-
particles (dp = 20nm) provides the highest Nusselt
number. The lowest size SiO, nanoparticles (dp = 20 nm)
provide the highest ratio of enhancement for the Nusselt
number in STC. This investigation has confirmed that the
flow of water/SiO, with AL,0O; nanoparticles of 5% (dia-
meter of 20 nm) has a significant influence on heat transfer
enhancement to improve the thermal efficiency of STC.

Keywords: nanofluids, solar thermal collector, silicon
dioxide nanoparticles, heat transfer

1 Introduction

The increasing population has resulted in increased elec-
tricity consumption in development projects. Home energy
usage includes water heating, space heating, and air
conditioning. Environmental and security aspects sepa-
rate solar from other energy sources. Solar energy was
employed to heat water in the last decades. Using nanofluid
as a functional fluid may improve solar heat absorption.
Using nanofluids as circulating liquids is one technique
to enhance solar thermal performance. Traditional thermal
transfer fluids were mixed with nano-sized metallic parti-
cles for nanofluid. A nanofluid consists of nanometer-sized
metals, oxides, carbides, or carbon particles in a base fluid
[1]. The effect of combining corrugated barriers and nano-
fluids on solar heater collector performance was explored.
Different nanoparticle concentrations were investigated
[2]. Carbon nanoplatelets and metal oxide nanoparticles
were employed to create water-based nanofluids. The
researchers discovered that using nanofluids increased
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the efficacy of solar heating systems [3]. The effect of nano-
fluid on a rotating cylinder open to a heat source was
investigated. The largest heat transmission occurred at
the heat source’s corner locations, which was 13.70%
more than the heat transfer obtained. Greater cylinder
rotating speeds improve heat transfer performance, while
increased magnetic strength has the opposite effect. At
maximal nanoparticle concentration, the greatest heat
transfer augmentation achieved by nanofluids was
94.18% more than water [4]. The effect of nanofluids
utilized in photovoltaic/thermal, heat exchangers, and
solar collectors was studied. The authors of the previous
study [5] created a solar heat pipe storage device for
heating applications. For the solar cycle of this system,
several nanofluids such as TiO,, MWCNT, CuO, and H,0-
propylene glycol were utilized. Energy usage declined by
67.7% in August and 42.2% in November [6]. Expanding
application renewable energy resources was necessary
due to the increased energy demand and the depletion
of existing energy sources. The experiment is carried
out in broad daylight with a constant flow rate and
steady-state conditions. The use of % Al,O; and %
crystal nano-cellulose nanofluids increased efficiency
of a solar collector by up to 2.48 and 8.46%, respec-
tively, according to the testing data. Furthermore, nano-
fluids have high to moderate stability. Furthermore,
when the temperature increased, the thermal conduc-
tivity increased while the viscosity decreased. The heat
gain from a solar heating system was increased by using
nanofluids [7]. Increased fluid mixing improved the heat
uptake and thermal efficiency of a solar thermal system by
using twisted ribs and nanofluids. Twisted ribs facilitated
heat transmission. The use of nanoparticles increased
the heat transfer coefficient by 18% [8]. MWCNT nano-
fluids were utilized to examine the effectiveness of a
solar heating system to deliver hot water and air. The
collector efficiency was determined to be related to
nanomaterial concentration. The temperature differen-
tial for the solar heating system was 14.54°C, with
MWCNT nanofluids reaching the greatest temperature
of 18.32°C. Reference [9] studied the effect of CuO nano-
particles on solar evacuated pipe heat gain. The thermal
efficiency of solar/evacuated tubes was increased by using
nanofluids. CuO nanoparticles at 0.03% in the evacuated
pipes system offered up to a 14% improvement [10]. The
influence of nanofluids on solar thermal systems such as
photovoltaic solar thermal, solar heating systems, and
geothermal solar thermal systems was investigated [11].
The effect of using different nanofluids on solar wing para-
bolic surface collectors was explored. In ethylene glycol,
Cu nanoparticles and ZrO, nanoparticles were combined.
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The hybrid nanofluid was shown to be the most efficient
heat transfer medium. When compared to Cu-EG, ZrO,-Cu-EG
has a lower thermal efficiency of 2.6% and a higher
thermal efficiency of 3.6% [12]. The effect of nanofluids
on photovoltaic solar efficiency was investigated. The
nanofluids improve thermal efficiency by mixing the
thermal conductivity of metal nanoparticles with base
fluids. It was observed that using 0.2 wt% AL,03, 0.05 wt%
Cu, and 1.0 wt% MWCNT, respectively, enhanced effi-
ciency by about 29, 9, and 20—-30% [13]. The thermal beha-
vior of a solar-assisted air handling system filled with
nanofluid was studied. The results showed that using
Al,03 nanoparticles not only increased the loss coefficients
but also boosted annual collector effectiveness by 6.1%
due to an increase in maximum efficiency. After inte-
grating a nanofluid-based solar system with the air hand-
ling unit in July, the energy demand was decreased by
4,700 KW h, resulting in a 17.9% reduction by the heated
coil [14]. Nanofluids were used to increase the efficiency of
a solar flat plate system. A 25-liter-per-day solar flat plate
water heater has been created. Solar flat plate collectors
used 0.2-0.4% Al,O; and CuO nanoparticles in distilled
water. Nanoparticles increase heat transport in solar flat
plate collectors, improving solar water heater efficiency
[15]. A breakthrough curtain wall-integrated solar heater
needs to be made based on the notion of an energy-har-
vesting facade that uses solar energy or solar heaters in
conjunction with natural circulation loop designs powered
by heat transfer processes. This study investigates the
thermal performance of a novel curtain wall-integrated
solar heater by employing nanofluid as a working fluid,
which has superior thermal characteristics to water, to
boost the solar heater’s heat transfer capabilities. Reference
[16] examined the efficiency of a direct absorption solar
collector based on nanofluids. When compared to pure
water, the presence of nanoparticles boosts incoming radia-
tion absorption. A direct-absorption solar system used
nanofluid with an improvement about 10% more efficiency
than the efficient solar flat system. A solar collector that
uses nanofluids as its working fluid surpasses a flat plate
collector in the majority of cases. Reference [17] studied
the results of the effect of mixing MWCNT nanofluid with
distilled water on the performance of a flat plate solar
water collector. Nanofluids’ thermophysical properties
have been proven to be excellent in solar water collec-
tors. The concentrations of MWCNT particles ranged
from 0.10 to 0.30% by volume. The experiments were
conducted at a variety of mass flow rates ranging from 1 to
3 LPM. According to the findings, increasing the volume
fraction of MWCNT nanofluid from 0.10 to 0.30% boosts
collector efficiency by up to 30.5% [18]. The addition of
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nanofluids to a solar heating collector improved its per-
formance. Increases in nanofluid volume and flowrates
improve collector efficiency. The collector efficiency of
nanofluids was 9-17% higher than the base fluid [19]. As
working fluids in a rectangular single-phase natural cir-
culation loop, water, Al,O; nanofluid, and TiO, nano-
fluid were tested. When the efficacy factor, temperature
differential over heater, and the mass flow rate of NCLs
with different working fluids were evaluated, it was
shown that increasing particle concentration improves
thermal performance, particularly for nanofluids with
larger particle sizes [20]. The effect of CeO,—water nano-
fluid on the performance of a solar water collector was
studied both empirically and theoretically. It performs
better due to the improved thermophysical characteristics
of the nanofluid, with data revealing that the greatest effi-
ciency of a solar water heater using CeO, nanofluid is
78.2%, which is 21.5% higher than when water is used as
the base fluid. In experimental research, the greatest col-
lector efficiency of nanofluid was observed at the optimal
mass flow rate of 2 LPM [21]. The thermal conductivities of
nanofluids and the impact of Cu nanofluids on the effi-
ciency of a solar water heater were examined experimen-
tally. Cu nanofluids at 0.1wt% and 25nm boosted the
efficiency of a solar water heater by 23.83%. The effi-
ciency of 0.2wt% Cu nanofluids is lower than that of
0.1 wt% Cu nanofluids. As the nanoparticle size increased,
the efficiency of the solar water heater decreased. When
compared to the water tank, the peak temperature and
highest heat gain of 0.1 wt% nanofluid may be increased
by 12.2 and 24.5%, respectively. Reference [22] examined
the increase in solar system performance by employing
different nanofluids, the efficiency of solar water heaters,
photovoltaic thermal systems, thermoelectric solar sys-
tems, and geothermal systems. Nanofluids are utilized to
improve heat gain for solar heating systems. The effect of
cooling using nanofluids on the performance of a CPU
system was investigated. Reference [23] examined experi-
entially the influence of solar power on wastewater treat-
ment by using hydrogen as a novel rotated anode reactor
with electro-coagulation. Reference [24] studied the effect
of water micro-jet impingement to enhance output power
and heat gain in the photovoltaic thermal system. Refer-
ences [25,26] investigated the heat transfer enhancement
and improvement of the performance for different thermal
systems. References [27-34] investigated the effect of jet
water for cooling photovoltaic solar system with com-
pound parabolic concentrator. Reference [35] studied the
effect of jet water on the bottom for cooling array solar
cells on the output power and heat gain. Reference [36]
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tested experimentally the impact of air jet impingement
on the total performance of the air solar system [37].
Nonlinear EHD instability of two superimposed Walters’
B fluids moving over porous media was already ana-
lyzed in depth. References [38,39] examined the nano-
fluid flow on a stretched or shrinking surface: insights
into partial slips and temperature increases. Reference
[40] studied the stability of two Reiner—Rivlin fluids
using the He-Laplace technique for nonlinearity. Pre-
sented Darcy-Forchheimer Peristaltic Flow Dynamics
in Rabinowitsch Fluids: Hall Current and Joule Heating.
The development of a nonlinear vibration model for the
movement of nanoparticles in the spinning process was
done [41]. This study aims to evaluate numerically the
influence of different concentrations and nanoparticles
diameter of silicon dioxide nanoparticles on improving
the heat transfer in solar thermal collector (STC). Water/
Si0, and pure water are used as circulating fluids with
different Reynolds numbers of 5,000-30,000 in the tube
with uniform heat flux on the top of the tube of STC.

2 Mathematical model and
numerical solution

2.1 Governing equations

Figure 1 displays the design and schematic diagram of
STC. Water/SiO, and pure water flow with the change in
Reynolds numbers from 5,000 to 30,000. The various
parameters (type fluid, concentrations of nanoparticles,
nanoparticles diameters, and flow rate) were investigated
by using CFD in this study. This issue considers a steady,
turbulent two-dimensional flow. Newtonian and incompres-
sible fluid (water) is assumed. Given the aforementioned
observations, continuity, momentum, energy equations,
and turbulence kinetic are the problem’s governing
equations. A fully developed turbulent flow is applied
to the pipe inlet for the STC. The heat flux is applied on
top of tube STC. Using an outlet pressure-outlet state,
various volume fractions (concentration) of silicon dioxide
nanoparticles varied from O to 4% with different diameters
between dp = 20 nm and dp = 50 nm were examined. The
k—& RNG turbulence model was used in the current study.
At the inlet, the turbulence rate was sustained at 1%.
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Figure 1: Schematic diagram of (a) the STC and (b) the tube of STC.
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3 Results and discussion

3.1 Effects of nanofluids on heat transfer
coefficients

This section evaluates numerically the effect of using
water/SiO, and pure water as working fluids on heat
transfer enhancement for the STC. The relationship
between Nusselt numbers and different Reynolds num-
bers is shown in Figure 2. As demonstrated in the figure,
the Nusselt numbers of STC using water/SiO, are higher
than the base fluid (water) for all Reynolds numbers
because of the high thermal conductivity of the nanofluid.
The improvement in heat transfer is also associated with
the collision between silicon dioxide nanoparticles and the
tube wall, resulting in enhanced energy exchange rates.
Nusselt numbers increase with the increasing Reynolds
number. Among test fluids, the higher heat transfer
enhancement by the flow of water/SiO, than pure water.
The Nu,yg enhances 25% by using water/SiO, nanofluid as
the working fluid at Re = 5,000 and 15% at Re = 30,000.
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Figure 2: Reynolds number and Nusselt number variation using
water/SiO, nanofluid and pure water for STC.

Figure 3 presents the variation in Reynolds number with
Skin friction coefficients by using water/SiO, nanofluid
and pure water for STC. It is noted that the skin friction
factor decreases with increases in the Reynolds number for
both fluids. Water/SiO, nanofluid has a higher skin friction
factor than pure water.

3.2 Effects of various volume fractions for
silicon dioxide nanoparticles

This section presents the impact of concentrations of
silicon dioxide nanoparticles on the friction factor and
heat transfer enhancement in STC. Figure 4 illustrates how
various concentrations (¢ = 1-4%) of SiO, nanoparticles
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Figure 3: Reynolds number and skin friction coefficient variation
using water/SiO, nanofluid and pure water for STC.
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Figure 4: The average Nusselt number versus Reynolds number for
various volume fractions, ¢ of water/SiO, with dp = 20 nm.

affect the Nusselt number and skin friction coefficients. In
this study, Reynolds numbers vary from 5,000 to 30,000.
When the Reynolds number increases, the average Nusselt
number also increases. It is found that all Reynolds numbers
using volume fractions of 4% of water/SiO, provide the
highest Nusselt number due to the high thermal conduc-
tivity of SiO, nanoparticles. The Nu,y, improves 31% at the
lowest Reynolds number by using water/SiO, nanofluid
to reduce the number of SiO, nanoparticles from (¢ = 1%)
to (¢p = 4%) and 42% at the highest Reynolds number of
30,000. Figure 5 presents the result of the skin friction
coefficient versus the Reynolds number for various con-
centrations of SiO, nanoparticles with dp = 20 nm. The
skin friction coefficient increases with increasing the
concentration of the nanofluid. Increasing nanofluid
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Figure 5: The skin friction coefficient, Reynolds number variation for
various volume fractions of metal oxide nanoparticles, and ¢ of
water/SiO, nanofluid with dp = 20 nm.
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concentration typically results in the increased fluid
viscosity, which limits the fluid movement. Figure 6 pre-
sents the results of the Nusselt number enhancement
ratio versus the Reynolds number for various volume
fractions of metal oxide nanoparticles, ¢ of water/SiO,
nanofluid with dp = 20 nm. The highest concentration of
SiO, nanoparticles (¢ = 4%) provides the highest ratio of
enhancement for the Nusselt number in STC.

3.3 Effects of the diameter for silicon dioxide
nanoparticles

The impact of the size of silicon dioxide nanoparticles on
heat transfer enhancement and friction factor is pre-
sented in this study. Diameters of different SiO, nanopar-
ticles (dp = 20-50 nm) were tested with fix concentration
of 4%. As shown in Figure 7, the decrease in the nano-
particle diameter led to an increase in the Nusselt number
across all Reynolds numbers. The lowest size of SiO,
nanoparticles (dp = 20 nm) provides the highest Nusselt
number. The active dynamic viscosity of nanofluid increases
with the decreasing nanoparticle diameter resulting in
enhanced heat transfer. The Nu,,, improves 35% by
using water/SiO, nanofluid at lowest size SiO, nanopar-
ticles (dp = 20 nm) at Re = 5,000 and 15% at Re = 30,000
in STC. Figure 8 illustrates the Reynolds numbers versus
skin friction coefficients for various metal oxide nano-
particles diameters of water/SiO, nanofluid with ¢ = 4%.
It is found that the skin friction coefficients decrease
as diameters of SiO, nanoparticles decrease. Figure 9

¥
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s

Nusselt Number enhancement ratio Nu_ /N

T T T
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Figure 6: The enhancement ratio, Reynolds number variation for
various volume fractions of metal oxide nanoparticles, and ¢ of
water/SiO, nanofluid with dp = 20 nm.
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Figure 7: Average Nusselt number and Reynolds number variation
for various diameters of SiO, nanoparticles of water/SiO, nanofluid
with ¢ = 0.04.
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Figure 8: Reynolds numbers and skin friction coefficient variation for
various diameters of SiO, nanoparticles of water/SiO, nanofluid
with ¢ = 4%.

presents the results of the Nusselt number enhancement
ratio versus Reynolds number for various sizes of SiO,
nanoparticles (¢p = 4%). The lowest size SiO, nanoparti-
cles (dp = 20 nm) provides the highest ratio of enhance-
ment for Nusselt number in STC.

4 Conclusions

The current numerical study discusses the impact of size
and concentrations of silicon dioxide nanoparticles on
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Figure 9: The enhancement ratio versus Reynolds number for var-
ious metal oxide nanoparticles diameters of water/SiO, nanofluid
with ¢ = 0.04.

heat transfer enhancement ratio and friction factor for
STC. The computational simulation illustrates the influ-
ence of the flow of water/SiO, and pure water inside the
pipe on the enhancement of the performance of the STC.

Different concentrations of SiO, nanoparticles are used

(¢ = 1-4%) with several nanoparticle diameters (dp =

Improve the heat transfer in solar thermal collector

— 749

Nomenclature

A cross section area

Cp specific heat (J kg™ K™)

d diameter of pipe

f friction factor

k thermal conductivity (Wm™ K™)
kg Boltzmann constant (=1.3807 x 1072 J 1K)
l turbulence length scale

Nu average Nusselt number

p pressure (Pa)

PP pumping power

Pr Prandtl number

q uniform heat flux (W m™2)

Re Reynolds number

T temperature (K)

Greek letters

M ;KRR

cross section area

thermal diffusivity

distance between particles (m)

dissipation rate of turbulent kinetic energy
nanoparticles volume fraction

dynamic viscosity (N s m?)

20-50 nm). The water/SiO, and pure water flow under
different Reynolds numbers 5,000-30,000. The following
points are important to highlight:

The average Nusselt numbers Nu,,, improved by
increasing Reynolds numbers for both fluids.

The Nu,y, increases with the increased of the concen-
tration of SiO, nanoparticles.

The water/Si0O, with nanoparticles concentration of
¢ = 5% and nanoparticle diameter of dp = 20 nm has
the highest Nusselt number.

The Nu,ye enhances 25% by using water/SiO, nanofluid
as the working fluid at Re = 5,000 and 15% at Re =
30,000.

The skin friction factor decreases with increase in the
Reynolds number for both fluids. Water/SiO, nanofluid
has a higher skin friction factor than pure water.

The Nu,y, improves 31% at Re = 5,000 using the high
concentration of SiO, nanoparticles of ¢ = 4 and 42% at
Re =30,000.

The decrease in the nanoparticle diameter led to an
increase in the Nusselt number across all Reynolds
numbers.

The lowest size of SiO, nanoparticles (dp = 20 nm) pro-
vides the highest Nusselt number.

tturbulent or eddy viscosity
kinematics viscosity (m™ s7)
density (kg m~>)

VD =TT
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