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Abstract. Flat-plate solar collectors (FPSCs) are the most effective and environmentally friendly heating systems
available. They are frequently used to convert solar radiation into usable heat for a variety of thermal applications, because
of their superior thermo-physical features, the use of Nano-fluids in FPSCs is a useful technique to improve FPSC
performance. Nano-fluids are advanced colloidal suspensions containing Nano-sized particles that have been researched
over the last two decades and identified a fluid composed of strong nanoparticles with a diameter of smaller than (100
nm). These micro-particles aid in improving the thermal conductivity and convective heat transfer of liquids when mixed
with the base fluid. The current study provides an in-depth review of the scientific advances in the field of nano-fluids on
flat-plate solar collectors. Previous research on the usage of nano-fluids in FPSCs shows that nano-fluids can be used
successfully to improve the efficiency of flat-plate collectors. Though several nano-fluids have been reviewed as solar
collector operating fluids. Nano-fluids have greater pressure drops than liquids, and their pressure drops and hence
pumping power rise as the volume flow rate increases. Additionally, the article discusses the concept of nano-fluids, the
different forms of nanoparticles, the methods for preparing Nano-fluids, and their thermos-physical properties. The article
concludes with a few observations and suggestions on the usage of Nano-fluids in flat-plate solar collectors. This article
summarizes the numerous research studies conducted in this region, which may prove useful for future experimental
studies.

Keywords: Flat-plate solar collectors; Nano-fluid; Pressure drop; Friction factor.

INTRODUCTION

Solar energy is the primary option for reducing the use of fossil fuels and the critical impact on the environment
in several technical and manufacturing areas of developing countries. In many developed countries’ manufacturing
and industries, solar energy is a significant option for reducing the use of fossil fuels and their negative environmental
effects. A solar thermal collector is an important component for collecting and converting solar energy into thermal
energy. Solar water heating (SWH) is an efficient method of producing hot water/steam for heating processes that use
thermal solar energy transmitted from the sun to water or working fluids. The most common types of solar water
heating systems are evacuated tube collectors, flat plates, and unglazed plastic collectors. Among these various
types, flat plate solar collectors (FPSCs) are a common piece of equipment in solar systems used to generate hot water
for everyday use. FPSCs are advantageous systems because of their low maintenance costs and lack of sun monitoring,
but they are also difficult to grow widely because of their low thermal performance.

Solar water heating can be active or passive, with active systems being the most common. Pumps are used
in active structures to move liquid within the collector and accommodation vessel, whereas passive operations rely on
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gravity and the normal flow of heated water [1]. Several approaches have been used to improve the FPSC's
performance. However, using Nano-fluid instead of conventional heat transfer liquid to improve the rate of heat
transfer of the collector's absorber plate is a modern and simple approach to improving the performance of current
and established FPSCs [2—4]. Nano-fluids are referred to as next-generation working fluids because of their superior
thermo-physical properties compared to base fluids [5]. Choi and Eastman [6] coined the term "Nano-fluid" in 1995,
describing it as a colloidal mixture of nanoparticles and base fluid (with a dimension less than 100nm).

Nanofluids made from these suspended liquids were discovered to improve the thermal conductivity (k) and
convective thermal transfer efficiency of the basic liquids. They are typically traditional heat transfer liquids. Many
experiments have been conducted to improve thermal conductivity using Nano-fluids. The inclusion Yang et al. [7]
presented in laminar flow convective heat transfer coefficient developments in comparison to the job fluid that the use
of nanoparticles significantly increases the absorption of incident radiation by more than nine-fold compared to
plain water. The use of nano-fluids includes ventilation and air conditioning, electrical cooling, heat exchangers, heavy
oil regeneration, heat pipes, medication distribution systems, diesel-electric generators, and heat pumps. Nano
lubricants, heating, and pollution reduction [8-12]. Theoretically, Said et al. [13] investigated the formation of entropy,
the increase in thermal transference, and the pressure drop in flat-plate solar collectors using nano-fluid absorbing
media (SWCNTSs) as single-wall carbon nanotubes (SWC).

Solar collectors have low thermal efficiency because the absorber plate has a low convective heat transfer
coefficient compared to the heat transfer mechanism, resulting in high absorber plate temperatures and increased heat
losses to the atmosphere [14]. Low heat loss coefficients boost net exergy flow, lowering pressure drop. Using Nano-
fluids on FPSCs provides benefits such as cost-effectiveness, environmental friendliness, compactness, and
lightweight, according to Pandey and Chourasia [15]. In the case of a thermal system, the three goals in designing a
thermal device are typically improved heat transfer, reduced pressure drop, and maximum flow, with cost being a
commonly used standard used to evaluate designs [16]. Verma et al. [17] carried out an empirical study on a variety
of oxide nanoparticles to determine their efficiency and pumping power. Mahian et al. [18] investigated how the mini
channel FPC on nano-fluid affected heat transfer and pressure loss.

The use of nanofluids in such laboratory settings resulted in an improvement. Furthermore, simulations for
Computational Fluid Dynamics (CFD) were carried out to numerically estimate thermal performance, and this work
was done to solve the necessary equation of CFD cases because the fluid flow within the collector needs to be defined
precisely in this investigation. The primary property of nano-fluids is to achieve the highest possible thermal
conductivity while maintaining the lowest possible nanoparticle convergence.

This paper pointed to examining the current advancements and the potential prospects of Nano-fluids in Flat
plate solar collectors (FPSCs). Additionally, this analysis article discusses additional performance criteria such as
effectiveness, pumping power, and the impact of nanoparticle concentration on the thermo- physical properties of
Nano-fluids. The remainder of the article reads as follows: section 2 defines the preparation of Nano-fluids. The Nano-
fluid thermo- physical characteristics are described in section 3. The section 4 and 5 are presented the Pressure drops,
pumping power and Friction Factor, as well as FPSC respectively. Although, the conclusions, current challenges and
future work are reported in section 6.

PREPARATION OF NANO-FLUIDS

The term ‘“Nano-fluid” has been described in various forms in research, however, most experts agree
that it is a combination of nanoparticles with a diameter range between 1 and 100 nm that has been effectively
distributed in a base fluid. Air, ethylene glycol and oil are all instances of common base fluids. Through incorporating
nanoparticles into a base fluid, thermal and physical properties such as thermal conductivity, mass diffusivity, and
radiative heat transfer may be altered. Nano-fluid is a combination of a liquid (base fluid) and a nanoparticle
(nanoparticle) [19-21]. To accomplish significant efficiency, Nano-fluids require a good preparation stage that
warrants the stabilization and uniformity of the suspended particles inside the base fluid. Nano-fluid preparation can
be carried out in 2 ways: a one-step technique and a two-step technique.

Single-step technique

In this phase, nanoparticles are dispersed and produced at the same stage. Either physically or
chemically, this process can be carried out. The ultrasonic-assisted submerged arc method is applied in the physical
method to synthesize nanoparticles. To fusion nanoparticles and to vaporize the decayed water, the power provided
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by titanium electrodes fused in the dielectric liquid is used. The Nano-fluid, which is a mixture of melting
nanoparticles and deionized water, is then produced in the vacuum chamber. Only a decreasing agent in the mixture
of nanoparticles and base liquid followed by a mix and heating is required to make the chemical process more
dependent [22-24].

Two-step technique

Nanoparticles are formed in a separate phase before being distributed in the base fluid in the two-step
system. Stabilizing chemicals, such as surfactants, should be applied to the solution to decrease the interfacial forces
among the nano-particles and the base fluid’s molecules. Following that, the solution can be combined mechanically
utilizing a homogenizer, stirrer, or ultrasonicate. The two-step procedure is the largest frequently utilized process for
preparing Nano-fluids, as it is relatively less labor-intensive and cost-efficient [25-29].

NANO-FLUID THERMO-PHYSICAL CHARACTERISTICS

The presence of nanoparticles in the base fluid has a strong impact on the thermo-physical characteristics of the
Nano-fluid, such as thermal conductivity, specific heat, and density [30]. Table 2 shows the models and associations
used to estimate the nano-fluid properties.

TABLE.1. Correlations for predicting the properties of Nano-fluids.

Property correlation Ref.
Thermal conductivity Ky, (an+2be —20(Kyy — Knp)) [27]
K f =
" K.y + 2Kyr + o(Kyr — Kypy)
Specific heat — 1 =) (plep)]ps + ¢(plep)], [28]
M pnf
Mass density Pnr = (1= @)ppr + @Pnp [29]
Viscosity

The viscosity of nano-fluids is critical for carrying thermal energy in various engineering applications such as cooling

systems or heat exchangers. The viscosity of the nano-fluid increased with increasing mass concentration and a high
fraction of particulate volume but decreased with increasing temperature. The fluid density and friction factor increase
as the volume of nanoparticles combined increases. The effect of particle concentration on the friction factor is
stronger at high densities. This increase in friction is caused by the increased viscosity of the nano-fluids, which is
caused by the addition of larger solid-size nanoparticles to the base fluids [31-33]. The Prandtl number increases
while the Reynolds number decreases, affecting heat transfer and pumping capacity. The Nano-fluid viscosity is
determined by using the following formula [34]:

u
My = — o < 10% €N
1—34.87(%) @103

Where dy,¢ denotes the base fluid's molecular diameter:

dbf=o.1( o )é @)

NPpfo

Where N, M, and pbfo denote the Avogadro quantity, the base fluid’s molecular weight, and the density of the base
fluid at 294K, sequentially.
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Thermal performance of the solar collector

In steady-state conditions, the efficacy of FPSCs can be assessed using energy balance, which can be measured
using a solar incident radiation equilibrium, which is split into usable energy gains, thermal losses, and optical losses.
Wong [35] proposed the first statistical model for measuring the effectiveness of FPSCs, which was later expanded
by ASHRAE to provide a standard for assessing the performance of FPSCs. The following segment evaluates the
primary theoretical equations for estimating the FPSC performance. The quantity of solar radiation that the collector
receives is [36-44]:

Q =14 3)

The following equation describes the useful heat gain of a heat transfer fluid:
Qu = MmCy(Toyr = Tin) (4)
Qu = FrA [Ita — U (T; — Ty)] Q)

Where:

Fg: Collector heat removal factor.

A, Collector area (m?).

I Intensity of solar radiation (W/m?).

T: Transmittance.

a: Absorptance.

U, : Overall heat transfer coefficient (W/m?K).

T;: Absorber plate temperature (°C).

T,: Ambient temperature (°C), and this equation is identified as the “Hotel-Hillier-Bliss equation”.
Fr Value is specified as the ratio of real heat transfer to maximum potential heat transfer.

Fp = 2CP [1 —exp (— ﬂ)] (6)

T AU Mmey

Where:
F". Collector efficiency factor. In the following calculation, the thermal efficiency of the solar flat plate collector can

be estimated:

Nen = o (%) )

As a result, the instant efficiencies may be written in various formulations, as shown by East. (8-10):

Qu
m=a 8)
_ FRAC[GscTta-UL(Ti—Ta)] 9)
- 1Ac
Ti—Tq
T)=FRTa_FRUL( 7 ) (10)

For the collector and the volume flow rate, the value off, t, a, and U, are constant, so the efficiency of the collector's
capacity is a linear function with three functional variables: Ambient air temperature (T,), Fluid inlet temperature
(T;), and Solar irradiance ().

PRESSURE DROPS, PUMPING POWER AND FRICTION FACTOR

A mechanical pump was used to drive the flat plate solar collector (FPSC), as well as it is desired to flow water
within the device [45]. The pump would necessitate electrical energy, and a section of the solar cell's electrical yield
would be utilized to drive the pump. Thus, the cumulative energy needed for pumping to sustain a steady flow into
the collector must be known to calculate the net electric energy possible from the combination machine. The whole
machine needs a pump to mix nano-fluids. Pumping capacity and the solar collector’s pressure drop (p) are calculated
as follows in [46]:
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2 2
AP = fRLAL oV (12)
2 D 2

The loss coefficient (K) due to entry and exit impact, bends, elbows, pipes, and so on the loss coefficient K is frequently
chosen from tables obtained from experiments or determined with equations that are unaffected by the density and
kinematic viscosity of the heat transfer fluid. The flow velocity [V] in unit of (m/sec) of the system's nano-fluids, as
described by:

m

V= pnfDi2/4 (12)
Di: Hydraulic diameter (m)
pny- Density of the fluid was calculated from:
Png = (L = @)pps + PPup (13)
f: Friction factor
64 .
== For laminar Flow (14)
0.079
f= =075 For turbulent Flow (15)

The Reynolds number is determined using the following equations:

R, =52 (16)
Presently, the pumping power is obtained as follows:
Pumping power = (?) AP a7

The pressure drop is primarily determined by the friction factor and the density of the nano-fluids. The fluid density
and pressure drop increase as the volume concentration of nanoparticles increases. The dynamic viscosity is normally
increased by strong nanoparticles with basic fluid opposed to the base fluid. Due to the direct relation of dynamical
viscosity with pressure drop, the higher viscosity value drives an increased pressure decrease. Another factor
contributing to the pressure drop seems to be the migration and disorderly movement of nanoparticle. Additionally,
enhancing the rate of fluid inlet volume movement consequences in an improvement in pressure drop, which grows
by pumping power. The viscosity is higher in Nano-fluids than in water, so it is assumed that the friction factor would
be more powerful than water. Despite this, the total head loss is affected not only by the friction factor, but also by
density, which is an important parameter. The extent of overall head loss is determined by the balance of friction factor
and density [47-49].

TABLE 2. Experimental investigations of friction factor and pressure drop of different Nano- fluid.

Darzi et al. SiOy /water | 0, 0.5,1.0% | Increase in friction with | Pressure drop reduction  [[53]
increased concentration
of particle volume
Maddah et al. Al,O3 /water|  0.2-1.0% The friction factor has |Pressure drop is inversely |[54]
been slightly increased | proportional to particle
volume concentration.

Almada et al. Al,Os/water 0.3-2.0% Friction factor - pressure drop decrease | [55]
development
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FLAT PLATE SOLAR COLLECTOR SYSTEM (FPSCS)

The flat plate collector absorbs the ultraviolet radiation emitted by the Sun. Convection is used to move thermal
heat to the copper tubes through the front glass and collector. Because of its higher thermal conductivity than water,
nano fluid was utilized as a working fluid in this case. The working fluid was circulated through the pipe, absorbing
heat from incident radiation on the covering. A heat exchanger transfers the thermal heat from the nano-fluid into the
base fluid, which is water. The flow of the working fluid is controlled by a Rotameter. The K-type thermocouple was
used to measure the temperature of the fluids at various stages. As the hot fluid goes into the flat plate collector, it
returns to its original temperature. A pump is used to transfer the operating fluid to the collector in this case. Valves
are utilized to regulate the flow path. The heat exchanged in tank water may be applied for a variety of purposes [50-
56]. The usage of Nano-fluids in FPSCs has a number of benefits, including the following: Nanoparticles greatly
enhance accelerated mixing and turbulence in nano-fluid flows [57]. Increased heat transfer potential due to its thermal
conductivity being significantly greater than that of the base fluid, as a function of the Brownian passage of the
attached nanoparticles [58]. Nano-fluids have a high heat transfer coefficient, which results in an improvement in the
thermal performance of FPSCs [59]. The nanoparticles are tiny in size but have a wide covering region, which results
in a meaningful improvement in the heat potential and absorption of the Nano-fluid. As a result, the FPSCs' energy
losses can be reduced [60].

A review of the different Nano-fluids used in FPSC

The analysis of solar flat plate collectors’ performance was recorded by Shamshirgaran et al. [46]. They also
employ MATLAB’s computer software for simulating the efficiency of a solar collector under steady-state laminar
cases. The findings indicate that when Cu nano-fluid is utilized preferably than pure water as the working solvent, the
thermal performance of the collector could be increased by 2.4 percent at a 4 percent volume concentration. The spread
of nano-particles within the water leads to a more powerful pressure drop and, thus, more powerful power usage in
the collector for pumping the nano-fluid. It is predicted that the collector understudy would result in a 30% rise in
pressure drop and pumping power. Mahian et al. [18] examined the heat transfer, pumping capacity, and entropy
production of an FPSC-based 1.0 wt% SiO»/water Nano-fluid following turbulent flow conditions theoretically. Two
nanoparticle sizes were examined, namely 16 and 12 nm, and two pH values, namely 6.5 and 5.8. Their studies
revealed that, as opposed to water, utilizing nano-fluid increases thermal power, outlet temperature, coefficient of heat
transfer, and pressure drop while decreasing entropy production. Additionally, improving the pH of the Nano-fluid
improved entropy production for 16 nm nanoparticles but reduced it for 12 nm nano-particles [61]. To enhance the
performance of a Flat Plate Solar Collector, Titanium dioxide Nano-fluid and Polyethylene Glycol (PEG400)
dispersant was applied. They studied the collector device’s energy and exergy usingTiO,. The volume fractions
between 0.1 and 0.3 percent were applied, and the mass flow rate ranged between 0.5 and 1.5 kg/min. With ft = 0.3
percent TiO,, an enhance in thermal conductivity of approximately 6% was perceived. The viscosity reduced with
growing temperature and enhanced with increasing particle filling. The energy performance of the system increased
as the volume fraction and mass flow rate increased. The energy performance of the system reduced as the volume
fraction or mass flow rate was raised. Energy effectiveness improved by 76.6% at 0.1 vol. percent and 0.5 kg/min,
while the nano-fluid used had a maximum possible energy efficiency of 16.9% when opposed to water at 0.1 vol.
percent and 0.5 kg/min. Additionally, the pumping capacity of TiO, nano-fluid was found to be equal to that of base
fluid at low volume fractions.

Said et al. [13] investigated heat transfer, pressure decrease, pumping capacity, the performance of exergy, also nano-
fluid dependent single-wall carbon nanotubes for a flat platform solar collector (SWCNTSs). The region of absorption
included in the study was 1.51 m?. The real heat CP of SWCNTs was discovered to decrease with increasing volume
fraction, implying that less heat is needed at more powerful volume fractions, because of a rise in volume fraction
and mass flow rates, the entropy generation declined. In contrast to other nano-fluids, SWCNTSs nano-fluids exhibit
a higher Nusselt number and thermal conductivity for rising volume flow rate. The heat transfer coefficient of
SWCNTs Nano-fluid was observed to increase linearly with the volume flow rate. In contrast to other nano-fluids,
SWCNTSs needed the lowest pumping power. SWCNTs Nano-fluid was determined to be capable of reducing entropy
production by 4.34 percent and increasing the heat transfer coefficient by 15.33 percent. Additionally, Said et al [62].
examined the thermo-physical properties of water/Al,Oz and ethylene glycol (EG)-water/Al,O3 Nano-fluids, as well
as their impact on the pumping capacity of an FPSC. A two-step process utilizing 13 — nm Al,O3 nanoparticles, an
ultrasonic probe, and a high-pressure homogenizer is applied to create nano-fluids with volumetric concentrations of
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0.05 — 0.1 percent. Water/ Al.O3 nano-fluid had higher stability than EG-water/ Al>O3z nano-fluid had higher stability
than EG-water/Al,O; nano-fluid. The findings indicated that the calculated thermal conductivity increased
approximately linearly with concentration. The nano-fluid’s determined viscosity remained greatly depending on the
base fluid utilized, the volume concentration, as well as the temperature. In different thermal transfer utilization, nano-
fluids were consequently decided to improve heat transfer rates. It is important to note that no knowledge was given
about the stability of the nano-fluids planned.

To increase heat transfer and hence the thermal efficiency of solar water heaters, Sundar et al. [63] applied nan-fluids
of Al,O3; and wrapped tape inserts. In this analysis, a tube including or without twisted tape in which water movement
and Nano-fluids are mainly imitated by the collector in the solar water heating device. The results of the heat transfer
tests show that, for a Reynolds count of 13000, the thermal transmission increase is 21% for the flat pipe, at 0,3%
volume, and that it is added up to 49,75% for twisted H/D = 5 tubes. For 0.3 percent nano-fluid 24 with H/D =5 as
opposed to water in a simple collection, the gross friction penalty of 1.25 times was noted. When the 0.3 percent Nano-
fluid is applied and further up to 76 percent with a twisted band H/D =5 at a mass flow rate of 0.083 kg/s, the thermal
performance of the plain panel is improved to 58 percent. Thermal performance increases in solar water heaters, in
which collectors have twisting tape insertions and Nano-fluids, broadly exceed pressure losses.

TABLE.3. Investigations into various forms of Nano-fluids dependent on FPSCs

Novelist Process Required | Species |Size (hnm)| Fraction | Increased Form of

fluid (%) efficiency (%0) flow
Michael and Lniyan | Experimental Water CuO 21 nm 0.05% 6.3% Turbulent
Tora and Mustafa Numerical Water Al;Os - 0.5% 27% Turbulent
He et al. Experimentali|  water Cu 10 nm 23.8% 0.1% Turbulent
Faizal et al. Experimental Water SiO; 10 nm 27% 0.4% Laminar
said et al. Experimental Water |SWCNT | 20 nm 53% 0.3% Laminar

CONCLUSION, CURRENT CHALLENGES AND FUTURE WORK

This review article discusses the most recent advancement of solar energy technology, the flat plate solar collector
(FPSCs). Nano-fluids will significantly improve the efficiency of flat-plate collectors. For the last two decades,
researchers have been investigating the usage of nano-fluid as an absorber fluid in FPSC. Although numerous Nano-
fluids have been examined as functioning fluids in solar collectors, further research is required to determine the impact
of utilizing certain recently formed nanoparticles with high thermal conductivities on solar collector efficiency.
Because of their abnormal increase in thermal conductivity, nano-fluids demonstrated a promising improvement in
the thermal performance of FPSCs. Numerous published papers demonstrate that nano-fluids have a far higher heat
transfer coefficient than conventional base fluids and suffer little to no pressure drop penalty; furthermore, it is
demonstrated that pressure drop, and pumping capacity rise as volume flow rate increases. It is decided that, as
opposed to pure water, the various forms of Nano-fluid improve the thermal efficiency of solar collectors. The key
problems with Nano-fluids for solar devices are primarily associated with| their great cost, instability, agglomeration
of nanoparticles, and increased viscosity, which increases frictional pressure drop and pumping capacity. Higher
nano-fluid concentrations would then have higher dispersal stability, and lower costs, with only a slight development
in viscosity, pressure drop, and pumping capacity. Furthermore, the experiment may be replicated with different base
fluids when preparing Nano- fluid. The results of base fluids such as transformer oil and ethylene glycol could be
detected. Besides, the FPSC test of nanostructure of carbon, copper oxide, and aluminum oxide nano liquids can be
compared under the same circumstances with comprehensive economic analysis.
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