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Abstract: A cost-effective alternative for lowering carbon emissions from building heating is the
use of flat-plate solar collectors (FPSCs). However, low thermal efficiency is a significant barrier to
their effective implementation. Favorable nanofluids’ thermophysical properties have the potential
to increase FPSCs’ effectiveness. Accordingly, this study evaluates the performance of an FPSC
operating with Fe3O4-water nanofluid in terms of its thermo-hydraulic characteristics with operating
parameters ranging from 303 to 333 K for the collector inlet temperature, 0.0167 to 0.05 kg/s for
the mass flow rate, and 0.1 to 2% for nanoparticles’ volume fraction, respectively. The numerical
findings demonstrated that under identical operating conditions, increasing the volume fraction up
to 2% resulted in an improvement of 4.28% and 8.90% in energy and energy efficiency, respectively.
However, a 13.51% and 7.93% rise in the friction factor and pressure drop, respectively, have also
been observed. As a result, the performance index (PI) criteria were used to determine the optimal
volume fraction (0.5%) of Fe3O4 nanoparticles, which enhanced the convective heat transfer, exergy
efficiency, and energy efficiency by 12.90%, 4.33%, and 2.64%, respectively.

Keywords: Fe3O4; energy and exergy; flat-plate solar collector; friction factor; pressure drop;
performance index

1. Introduction

Water and space heating account for nearly half of all energy consumption worldwide.
According to the International Energy Agency [1], 64% of global energy consumed in
buildings for water and space heating is fulfilled by fossil fuels, resulting in a record-
breaking 2.5 Gt of direct CO2 emission. This alarming increase in CO2 emissions and the
corresponding rise in global temperature is one of the world’s most pressing challenges
today. Therefore, the demand for renewable and sustainable energy has emerged as one of
the world’s top priorities due to the diminishing supply of fossil fuels and the harm they
inflict on the environment.

The abundant supply of solar energy and its minimal environmental impact make
it an appealing renewable energy source. Converting solar radiation into usable heat
using solar collectors is among the most popular ways of harnessing solar power. The
most popular collectors are FPSCs and ETCs, accounting for 93.66% of the global total
installed capacity in 2020 [2]. Even though evacuated tube collectors (ETCs) are a mature
technology with higher thermal efficiencies, they are relatively expensive. On the other
hand, FPSCs benefit from a simple structure, high-pressure bearing, ease of manufacturing
and installation, and low maintenance cost. Additionally, they benefit from both diffuse and
beam solar radiation, which eliminates the requirement for sun-tracking equipment. These
factors make FPSCs a preferred choice for residential, industrial, and commercial buildings.
However, they still have some engineering limitations, such as low thermal efficiencies and
high thermal losses [3,4]. It may be possible to reduce some of the energy demand and
carbon emissions related to heating by increasing the effectiveness of these collectors. To
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enhance the efficiency of FPSCs, researchers all over the world have undoubtedly applied
a number of techniques, such as modification of geometry or using an efficient solar
thermal fluid. In this regard, nanofluids have recently been the subject of active research
for enhancing the collector’s efficiency.

Nanofluids are primarily a dispersion of different nanometer-sized (1 to 100 nm) parti-
cles in traditional solar thermal fluids (e.g., water, oil, ethylene or propylene glycol, etc.).
Since the discovery of nanofluids by Choi [5], the research community has been investi-
gating various facets of nanofluids, including their thermophysical characteristics, heat
transfer, and rheology. Improved thermal conductivity, a higher surface-to-volume ra-
tio, greater heat transfer, and Brownian motion are some of the specific characteristics of
nanofluids that make them an efficient heat transfer fluid [6].

The effectiveness of FPSCs using nanofluids has been the subject of numerous investi-
gations. Experimental research was performed to determine the FPSC’s performance using
a Cu water nanofluid. Copper (Cu) nanoparticles with mass fractions of 0.1% and 0.2%
were utilized to synthesize nanofluid. Compared to traditional water-based FPSCs, the
use of Cu nanoparticles (25 nm and 0.1%) raised the overall energy efficiency by 23.83%.
Furthermore, the mass fraction and nanoparticle size above 0.1% and 25 nm, respectively,
caused agglomeration and increased viscosity, which decreased the collector’s efficiency [7].
A CuO water nanofluid was used in FPSC, which resulted in a 21.8% increase in energy
efficiency when compared to water at 1 kg/min, which was determined to be an optimum
flow rate [8]. Using the finite difference method, a 2D mathematical model was created
in MATLAB considering the transient behavior of FPSCs using an Al2O3 water nanofluid.
The investigation was performed with varying flow rates from 0.004 kg/s to 0.06 kg/s, and
three volume fractions (1%, 2%, and 3%) were used. An increase of 7.2% was obtained in
the collector’s outlet temperature using three vol% nanoparticles at 0.004 kg/s [9]. The
application of WO3 and CeO2 in FPSC was investigated experimentally at different values
of mass flux. Nanoparticle volume fractions were taken as 0.0167%, 0.0333%, and 0.0666%.
The highest gains in collector thermal efficiency over water were 10.75% and 13.48% for
CeO2 and WO3, respectively [10,11].

In order to study the impact of covalently functionalized graphene nanoplatelets
(GNP) on FPSC’s performance, the aqueous nanofluids were prepared with different
specific surface areas of GNP and weight fractions of 0.025%, 0.05%, 0.075%, and 0.1%.
Among the studied nanofluids, water-based GNP nanofluid with a specific surface area
of 750 m2/g and 0.1 wt% concentration was reported as the best alternative for efficiency
enhancement in FPSCs [12]. An experimental and analytical investigation was performed
using silica nanofluid (SiO2/deionized water) in FPSC by Jouybari et al. [13] for varied
mass flow rates (1, 2, and 3 L/min) and volume fractions (0.4% and 0.6%). Energy efficiency
was found to enhance by 1.8% when the particle fraction was raised from 0.4% to 0.6%.

An experimental and numerical investigation using alumina nanofluid (Al2O3) in an
FPSC operating at 5.5 L/min showed an enhancement of 18% in the collector’s energy
efficiency in comparison to water. The numerical outcomes further demonstrated that
Al2O3 nanoparticles were effective in FPSC up to 0.5% volume concentration, but that
above this concentration, the thermal efficiency deteriorated [14]. A sensitivity analysis of
FPSC’s energy efficiency was performed by Tong et al. [15] using Al2O3, CuO, MWCNT,
and Fe3O4 nanofluids at various operating parameters. According to their investigation,
FPSCs had the highest efficiency (87%) for MWCNT of all the nanofluids tested, but it was
also the most susceptible to changes in operating conditions. The least sensitive material to
changes in operating conditions was found to be Fe3O4.

Thermal or energy analysis alone cannot demonstrate the benefits of employing
nanofluids in solar collectors. For the thorough identification of the usefulness of nanofluids,
exergy analysis and the pressure drop that occurred in solar collectors are equally important.
Exergy is the maximum useful output produced by the system in relation to the temperature
difference [16]. Several studies using nanofluids as solar thermal fluids have examined
the energy and exergy of FPSCs. An experimental evaluation of an FPSC was performed
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using various nanofluids including water-based MgO, Al2O3, TiO2, SiO2, CuO, Graphene,
and MWCNT. At the optimum values of flow rate and nanoparticle fraction, which were
1.5 L/min and 0.75 vol%, respectively, a MgO water nanofluid exhibited an enhancement
in exergy and energy efficiencies of 32.23% and 9.34%, respectively. Additionally, among
various nanofluids, the greatest increase in energy and energy efficiency was demonstrated
by MWCNT water nanofluid, with respective values of 23.47% and 29.32% [17,18]. Another
experimental evaluation of an FPSC using Al2O3 and CuO demonstrated that Al2O3
provided the best collector performance with a 1.0% volume fraction, outperforming water
with a 21.9% and 56.9% improvement in energy and exergy efficiencies, respectively [19].
Thermodynamic optimization of an FPSC was conducted by Okonkwo et al. [20] with
Al2O3 water and Al2O3-Fe water nanofluids. The collector’s energy efficiency improved by
2.16% for Al2O3 and reduced by 1.7% for Al2O3-Fe. However, the exergy efficiency was
improved for both nanofluids.

The effect of various parameters, including nanoparticle percentage fraction, nanopar-
ticle diameter, Reynolds and Richardson number, on-pressure drop, entropy generation,
and heat transfer was investigated using a 3D numerical model (ANSYS Fluent) of an FPSC
working with alumina nanofluid [21]. With the increase in nanoparticle fraction or Richard-
son number, the heat transfer coefficient augmented while entropy generation was reduced.
Furthermore, the maximum efficiency was found at a 2% volume fraction. An analytical
evaluation of an FPSC was conducted for water and nanofluids, including CuO water, TiO2
water, MgO water, and Al2O3 water [22]. The ranges for nanoparticle fraction and flow
rate were chosen to be 1 to 4% and 1 to 4 L/min, respectively. CuO water demonstrated
a higher increase of 38.21% and 14.86% in energy and exergy efficiencies, respectively,
among several nanofluids stated above. The study also shows the collector’s energy and
exergy efficiency can be enhanced by rising the fluid density, volume fraction, and mass
flow rate while reducing the specific heat capacity. Theoretical investigations of an FPSC
that uses different nanofluids revealed that producing nanofluid-based collectors results in
approximately 170 kg fewer CO2 emissions than traditional water-based FPSCs [23].

The potential of various nanoparticles in FPSCs at different nanoparticle sizes, concen-
trations, and fluid flow rates have been thoroughly reviewed by several researchers [24–26].
From the findings, it is inferred that nanofluids perform better than traditional solar flu-
ids at enhancing the thermal performance of FPSCs, particularly with smaller sizes and
low-volume fractions (below 3%). However, the extent of enhancement in the collector
performance and the optimum particle fraction varies, and no unified conclusion can be
drawn from the open literature. The majority of research generally ascribed enhanced
thermal conductivity of nanofluids to improved solar collector performance; however,
nanoparticles also cause fluids to become more viscous, causing additional pressure to
drop. Most of the published research has focused mainly on investigating the FPSC’s
energy and/or exergy efficiencies, while a thorough investigation of the pressure drop
resulting from the increased nanofluids viscosity has rarely been reported. Furthermore,
the previous numerical studies assumed uniform fluid flow through all risers of the FPSC.
However, this might not be the case in practice in this type of arrangement of headers
and risers. A numerical approach based on CFD is a useful way of analyzing temperature
and flow distribution throughout the headers and risers of FPSCs. By using the average
velocity in each riser from the CFD simulation, the pressure drop can be calculated more
precisely. Accordingly, this paper presents the formulation of a numerical model of FPSCs
in a combined framework of MATLAB and CFD (ANSYS Fluent) to investigate the effect
of Fe3O4 water on energy efficiency, exergy efficiency, convection heat transfer, friction
factor, and pressure drop of FPSCs. Moreover, the influence of several significant operating
parameters, including mass flow rate, nanoparticle volume fraction, and inlet temperature
has been thoroughly investigated. Additionally, the usefulness of magnetite nanofluid in
FPSCs is assessed using the ratio of efficiency improvement to pressure drop, and the most
suitable volume fraction of nanoparticles (Fe3O4) is determined.
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2. Theoretical Background

The equations used to determine the thermo-hydraulic characteristics of the FPSCs
are described in this section.

• The FPSC operates in a steady-state condition.
• The physical characteristics of insulation, glazing, and absorber plate are tempera-

ture independent.
• Both the ambient temperature and solar radiation are constant.
• The nanofluid is taken as a homogenous (single-phase) fluid.
• The variation in mass flow rate in riser tubes (as observed from the CFD model) was

within a +/−20% range, which maintained laminar flow conditions. As a result, the
flow is regarded as uniform when calculating the heat losses through the collector.

2.1. Formulation of Energy and Exergy Efficiencies of FPSC

The useful energy, heat losses, and energy efficiency of an FPSC are formulated
according to the model proposed by Hottel and Whillier as described in [27]. In steady-
state, Equation (1) presents the energy balance of an FPSC, where Qu is the collector’s
useful energy gain calculated as the difference between the radiation it absorbs and the
entire amount of heat loss it experiences through conduction, convection, and radiation.

Qu = Ac
(

I (τα)e −UL
(
Tpm − Ta

))
(1)

where (τα)e is the optical efficiency, while Ac, I, UL, Tpm, and Ta represent the collector’s
gross area, incident radiation, total heat loss coefficient, absorber plate mean temperature,
and ambient temperature, respectively.

To calculate the overall heat loss that occurred in an FPSC, UL is estimated by adding
the coefficients of heat loss from the top (Ut), bottom (Ub), and edges (Ue) of the collector.

UL = Ut + Ub + Ue (2)

The coefficient of heat loss from the top (Ut) is calculated by an empirical equation
developed by Klein [28].

Ut =

 Ng

C
Tpm

[
Tpm−Ta
Ng+ f

]e +
1

hw


−1

+
σ
(
Tpm + Ta

)(
Tpm

2 + Ta
2)(

εp + 0.00591Nghw
)−1

+
2Ng+ f−1+0.133 εp

εg
− Ng

(3)

where Ng is the quantity of glass covers (Ng = 1 in this study), while hw, σ, εp, and εg are
the wind heat transfer coefficient, Stefan–Boltzmann constant, absorber plate emissivity,
and glass covers emissivity, respectively.

C, f , and e are determined as:

C = 520
(

1− 0.000051 β2
)

when 0
◦
< β < 70

◦
(4)

and if 70
◦
< β < 90

◦
, take β = 70

◦

f =
(

1 + 8.9× 10−2 h w − 1.17× 10−1h wεp

)(
1 + 7.87× 10−2Ng

)
(5)

e = 0.430(1− 100/Tpm) (6)

β is the collector’s tilt angle and hw is calculated as [29]:

hw = 5.74
V0.8

w
L0.2 (7)

where vw and L are the wind speed and collector’s length, respectively.
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Heat loss coefficients for the bottom (Ub) and edges (Ue) of the collector are calculated
as follows:

Ub =
kins,b

δins, b
(8)

Ue =
kins,e

δins,e
·Ae

Ac
(9)

where kins,b and kins,e refer to the bottom and edge insulation thermal conductivity, respec-
tively. The thicknesses of bottom and edge insulation are represented by δins, b and δins, e,
respectively. The edge surface area is Ae.

As indicated in Equation (3), Ut depends on the absorber plate temperature (Tpm),
which must first be calculated in order to determine Ut and subsequently UL. Therefore,
Tpm is calculated as:

Tpm = Ti +
Qu

AcFRUL
(1− FR) (10)

FR =

.
mCp

AcUL

{
1− exp

(
−AcULF′

.
mCp

)}
(11)

where FR and F′ represent the heat removal factor and efficiency factor. F′ is calculated as:

F′ =
1

UL

W
[

1
UL(W−Do)F + 1

Cb
+ 1

πDih f

] (12)

The conductance of the bond (Cbond) between riser tubes and the absorber plate is
defined as:

Cbond =
kb
δ

(13)

The width and thickness of the bond are denoted by b and δ, respectively, while k
represents the thermal conductivity of the bond. The factor (1/Cb) can be ignored in the
current analysis assuming a good thermal contact between the riser tubes and the absorber
plate, which indicates a very high value for Cbond (i.e., 1/Cbond = 0) [29]. Di, Do, h f , and W
are the inner diameter, outer diameter, fluid convective heat transfer coefficient, and the
spacing between riser tubes, respectively. h f is computed as [30]:

h f =
Nuk f

Di
(14)

For the straight rectangular profile, Equation (15) is used to calculate the standard
fin efficiency (F):

F =
tanh

(
m(W−Do)

2

)
m(W−Do)

2

(15)

with:

m =

√
UL

kpδp
(16)

δp and kp representing the absorber plate’s thickness and thermal conductivity, respectively.
The following is an empirical correlation to determine the Nusselt number (Nu) for the

base fluid (pure water), which is valid for uniform heat flux and laminar flow conditions [27]:

Nu = 4.4 +
a(Re PrDi/Lr) m

1 + b(Re PrDi/Lr) n (17)

The constants a, b, m, and n are 0.00236, 0.00857, 1.66, and 1.13, respectively.
For nanofluids, the Nusselt number is estimated employing the following correlation [31]:
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Nu = 0.4328
(

1 + 11.285 φ0.754 Pe0.218
np

)
Re0.333

n f Pr0.4
n f : laminar flow (Re ≤ 2300) (18)

The dimensionless Reynolds number (Re), Prandtl (Pr) number, and nanoparticle
Peclet number are defined as follows [30,31]:

Re =
ρ VmDi

µ
=

4
.

mr

πDiµ
(19)

Pr =
µ Cp

k
(20)

and:

Penp =
Vmdnp

αn f
(21)

The mass flow rate and mean fluid velocity of risers are represented by
.

mr and Vm,
respectively. dnp is the nanoparticle diameter and αn f refers to the thermal diffusivity of
nanofluid, which is given as:

αn f =
kn f

ρn f Cpn f
(22)

Finally, energy efficiency (ηen) is given as:

ηen =
Qu

Ac I
=

.
mCp(To − Ti)

Ac I
(23)

Moreover, exergy efficiency is calculated by the equation below, which is represented
as the collector’s useful exergy (Exu) divided by the incoming solar exergy (Esun) [20,32].

ηex =
Exu

Exsun
(24)

The solar exergy flow is calculated as follows [33,34]:

Exsun = Ac I

[
1− 4

3

(
Ta

Tsun

)
+

1
3

(
Ta

Tsun

)4
]

(25)

The sun’s surface temperature (Tsun) in the above equation is taken as 5778 K.
The collector’s useful exergy Exu that takes into account all the irreversibilities caused

by the process of heat transfer and pressure drop is given as:

Exu =
.

mCp

(
To − Ti − Ta ln

To

Ti

)
− .

m
Ta

Tf m

∆P
ρ

(26)

where Tf m and ∆P represent the mean fluid temperature and pressure drop, respectively.
The nanofluid’s thermophysical properties are obtained using Equations (27)–(32) [35–37].
Density:

ρn f = (1− φ)ρb f + φρnp (27)

Specific heat capacity:

Cpn f =
(1− φ)

(
ρCp

)
b f + φ

(
ρCp

)
np

ρn f
(28)
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Thermal conductivity:

kn f =

1 + 4.4Renp
0.4Pr0.66

b f

(
T

Tf r

)10(
knp

kb f

)0.03

φ0.66

kb f (29)

where Prb f and Tf r represent the base fluid’s Prandtl number and freezing point, respectively. T
is the nanofluid temperature ranging between 294 K and 324 K. The particle Reynolds
number (Renp) is defined as:

Renp =
2ρb f KBT

πµ2
b f dnp

(30)

Dynamic viscosity:

µn f =
µb f

1− 34.87
(

dnp
db f

)−0.3
φ1.03

(31)

where:

db f = 0.1

(
6M

Nπρb f 0

)1/3

(32)

In the above equations, φ represents the nanoparticle volume fraction. The validity
of dynamic viscosity correlation is 0.01% < φ < 7.1% and 294 K ≤ T ≤ 333 K. Where db f ,
M, N, ρb f 0, and KB represent the base fluid molecular diameter, molecular weight of water,
Avogadro number, base fluid’s mass density, and the Boltzmann constant, respectively. The
required properties of Fe3O4 nanoparticles are taken from [15] and temperature-dependent
properties of water are taken from reference [38].

2.2. Formulation of Pressure Drop in FPSC

The following equation can be used for calculating the pressure drop (∆P) across
the FPSC [39]:

∆P = ρ g(Lr sinβ + hL) (33)

where hL, the total head loss, is expressed by [40]:

hL = ∑j f j
Lr

Di

vmj
2

2g
+ ∑j KL j

vmj
2

2g
(34)

where j represents each riser tube, Di is the inner diameter, Lr is the riser tube length, vm
represents mean fluid velocity, and f is the friction factor, which is estimated as:

f =
64
Re

for laminar flow. (35)

According to [40], the minor loss coefficients (KL) for the entrance and exit tees are
taken as 0.5 and 2, respectively, considering the contact between headers and risers is the
sharp edge.

The potential of using nanofluid as a solar thermal fluid in FPSCs has been assessed
using a performance index (PI), which is expressed as follows [12]:

PI =
(ηen)n f /(ηen)b f

(∆P)n f /(∆P)b f
(36)

It appears that an effective approach has a performance index (PI) greater than 1, in
which case substituting nanofluid for the base fluid in FPSCs is favorable. If the performance
index is below 1, using the nanofluid in the system is not feasible.
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3. Numerical Approach
3.1. Geometric Configuration

A three-dimensional FPSC has been simulated in this study using the CFD package
ANSYS Fluent [41] for analyzing the fluid flow behavior and the temperature distribution
across the collector. The geometric details of FPSCs are extracted from the experimental
work reported by [13] that the model was validated against. The computational domain
of our modeling is shown in Figure 1, which comprised an aluminum absorber plate, two
copper headers, and four connector riser tubes of the same material.
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3.2. Governing Equations

The numerical analysis is performed by coupling the Navier–Stokes and energy
equations. The flow is taken to be steady, laminar, and incompressible. Furthermore, the
nanofluid is considered to be single-phase. Under these considerations, the continuity,
momentum, and energy equations in vector form are given as [42–46]:

Continuity:
∇.
(

ρ f
→
v f

)
= 0 (37)

Momentum:
∇.
(

ρ f
→
v f
→
v f

)
= −∇P +∇.

(
µ f∇

→
v f

)
+ ρ
→
g (38)

Energy:
∇.
((

ρ Cp
)

f
→
v f T

)
= ∇.

(
k f∇T

)
(39)

3.3. Boundary Conditions

The required boundary conditions for numerical simulations of the investigated
domain are presented in Table 1.

Table 1. Boundary conditions for the computational model.

Boundary Name Conditions

Inlet Uniform velocity and temperature
Absorber plate top Uniform heat flux
Absorber plate side walls and bottom Zero heat flux (i.e., adiabatic)
Header walls Zero heat flux (i.e., adiabatic)
Interfaces (solid–solid and fluid–solid)
Outlet

Thermally coupled
Zero-gauge pressure
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3.4. Mesh Independence Test

The mesh quality greatly influences the accuracy of results from CFD simulations.
The outcomes are typically better, but the computation takes longer on average with finer
meshes. The mesh configuration of the FPSC under study is shown in Figure 2. The
absorber plate was split into different bodies for better mesh control, and higher-density
structural mesh was taken into consideration close to the absorber plate and riser contact
areas. The validity and consistency of the numerical results were examined using a mesh
independence test. Four mesh densities were taken into consideration for a specific test
case involving a base fluid (water) with a 0.0167 kg/s mass flow rate, 800 W/m2 incident
radiation, and 298 K ambient temperature. The collector outlet (To) and the absorber plate
temperature (Tp) were both monitored for this test case. The inlet temperature (Ti) was
specified as 303 K. Table 2 provides a summary of the mesh independence test results and
variations. A mesh size with 2,273,222 elements has been adopted for all the simulations to
achieve a reasonable compromise between the results’ accuracy and computational time.
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Table 2. Mesh independence test results and variations.

Number of
Elements To (K) Variation (%) in To Tp (K) Variation (%) in Tp

739,646 307.165 311.236
1,051,595 308.197 3.35 × 10−1 315.015 1.21
1,438,726 308.220 7.46 × 10−3 315.412 0.13
2,273,222 308.223 9.73 × 10−4 315.624 0.07
2,873,209 308.224 3.24 × 10−4 315.769 0.05

4. Input Data and Methodology
4.1. Input Data

The dimensions of the FPSC geometry and nanofluids’ thermophysical properties
are used as the input data for the numerical model. The input operating parameters
also include the mass flow rate (

.
m) and inlet temperature (Ti), with respective ranges of

0.0167–0.05 kg/s and 303–333 K. Four volumetric fractions of nanoparticles—0.1%, 0.5%,
1%, and 2%—are used in the present investigation. Environmental factors such as wind
speed, solar insolation, and ambient temperature are considered constant with values of
2.5 m/s, 800 W/m2, and 298 K, respectively.

4.2. Methodology

The methodology and iteration procedure followed in determining the performance of
the FPSC is presented in Figure 3. Initially, a MATLAB program was used to determine the
overall heat losses. Tpm must be known for calculating the overall heat loss coefficient (UL),
as shown by Equations (2) and (3). Therefore, an initial arbitrary value of Tpm is chosen
that is 10 K higher than the fluid inlet temperature (Ti), as per the recommendation of [27].
Then, UL and Qu is determined from Equations (1) and (2). Following that, Equation (10)
was used to determine the new Tpm value. The program then re-evaluates UL and Qu
using the updated value of Tpm. This procedure is repeated in an iterative manner until the
convergence criteria is satisfied. The total heat loss (Ql) per unit area of the FPSC is then
estimated as follows:

Ql = UL
(
Tpm − Ta

)
(40)

The heat flux (q′) for the absorber plate is defined as:

q′ = I (τα)e −Ql (41)

The next step is to apply heat flux into the ANSYS Fluent model, along with the
appropriate boundary conditions to obtain the value of outlet temperature (To), which is
then used to determine energy efficiency (ηen), exergy efficiency (ηex), and pressure drop
(∆P) of the FPSC. It is essential to mention that fluid flow was assumed to be uniform
in MATLAB for estimating the heat losses; however, the actual mass flow rates and cor-
responding average velocities in risers can be obtained from the computational model
(Fluent). Therefore, the average velocity in each riser is determined from the CFD model
and is employed in the pressure drop calculations of the FPSC.
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5. Model Validation

The validity of the present numerical model is tested by comparing the results of the
absorber plate (Tp) and collector outlet (To) temperatures with the experimental findings of
Jouybari et al. [13] for the case of nanofluid (SiO2/water) with 0.6% nanoparticle volumetric
fraction and a 0.0333 kg/s (2 L/min) flow rate. The input variables for the CFD model
are uniform inlet velocity (vi), uniform heat flux (q′), inlet temperature (Ti), and ambient
temperature (Ta). The physical properties of silica nanoparticles (SiO2) are taken from
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the same publication and the experimental values of input parameters including I, Ta Ti,
and Vw were obtained from the authors. The comparison of numerical and experimental
values of the collector outlet and absorber plate temperatures is shown in Figure 4. It is
demonstrated that the values of To and Tp predicted by the simulation and the reported
experimental findings accord well. The numerical results for To and Tp deviate from the
experimental data by 0.13% and 0.91%, respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 22 
 

 
Figure 4. Validation of numerical results of absorber plate and collector outlet temperatures 
against the experimental results of [13]. 

6. Results and Discussions  
A three-dimensional FPSC has been numerically modeled to investigate the effects 

of several influential parameters, namely nanoparticle volume fraction, mass flow rate, 
and inlet temperature on the thermo-hydraulic characteristics of FPSCs operating with 
Fe3O4 water. 

6.1. The Effect of Mass Flow Rate on Thermo-Hydraulic Characteristics of the FPSC  
The effect of mass flow rate on FPSC’s energy efficiency is shown in Figure 5. It can 

be seen that energy efficiency rises with the rise in flow rate. This effect can be explained 
through an important fact of reducing thermal resistance with rising fluid velocity. As a 
result, heat transfer coefficients are improved, which raises energy efficiency as the mass 
flow rate goes up. However, this will be accompanied by higher fluid friction and thus 
higher pressure drop across the collector due to the direct relationship between pressure 
drop and fluid’s velocity based on Equation (33). The rise in energy efficiency with in-
creasing flow rate can also be explained from another perspective; since there is less time 
to exchange heat between the fluid and tubes at high flow rates, the collector’s outlet tem-
perature reduces. As a result, the temperature difference of working fluids would reduce 
between the inlet and outlet. This will lead to lower thermal losses because of the collec-
tor’s lower average temperature, and an enhancement in useful energy gain. 

Furthermore, the addition of Fe3O4 nanoparticles improves energy efficiency, which 
appraises the nanofluid’s positive influence on FPSC’s thermal performance. This is due 
to an increment in outlet temperature and a drop in absorber plate mean temperature with 
the increased particle volume fraction, as illustrated in Figure 6. Thermal losses will be 
reduced as the absorber plate temperature drops, and energy efficiency will increase. 
When compared to water, the maximum increase in energy efficiency is observed at 0.0167 
kg/s, which is 1.68%, 2.64%, 3.70%, and 4.28% at 0.1%, 0.5%, 1%, and 2% volumetric frac-
tion, respectively.  

Figure 4. Validation of numerical results of absorber plate and collector outlet temperatures against
the experimental results of [13].

6. Results and Discussions

A three-dimensional FPSC has been numerically modeled to investigate the effects
of several influential parameters, namely nanoparticle volume fraction, mass flow rate,
and inlet temperature on the thermo-hydraulic characteristics of FPSCs operating with
Fe3O4 water.

6.1. The Effect of Mass Flow Rate on Thermo-Hydraulic Characteristics of the FPSC

The effect of mass flow rate on FPSC’s energy efficiency is shown in Figure 5. It can
be seen that energy efficiency rises with the rise in flow rate. This effect can be explained
through an important fact of reducing thermal resistance with rising fluid velocity. As
a result, heat transfer coefficients are improved, which raises energy efficiency as the
mass flow rate goes up. However, this will be accompanied by higher fluid friction and
thus higher pressure drop across the collector due to the direct relationship between
pressure drop and fluid’s velocity based on Equation (33). The rise in energy efficiency
with increasing flow rate can also be explained from another perspective; since there is
less time to exchange heat between the fluid and tubes at high flow rates, the collector’s
outlet temperature reduces. As a result, the temperature difference of working fluids would
reduce between the inlet and outlet. This will lead to lower thermal losses because of the
collector’s lower average temperature, and an enhancement in useful energy gain.
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Furthermore, the addition of Fe3O4 nanoparticles improves energy efficiency, which
appraises the nanofluid’s positive influence on FPSC’s thermal performance. This is due
to an increment in outlet temperature and a drop in absorber plate mean temperature
with the increased particle volume fraction, as illustrated in Figure 6. Thermal losses
will be reduced as the absorber plate temperature drops, and energy efficiency will in-
crease. When compared to water, the maximum increase in energy efficiency is observed at
0.0167 kg/s, which is 1.68%, 2.64%, 3.70%, and 4.28% at 0.1%, 0.5%, 1%, and 2% volumetric
fraction, respectively.
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mean temperature.

Exergy efficiency, in contrast to energy efficiency, performs better at low flow rates
(Figure 7). The collector’s exergy output is found to decline with the rise in flow rate
because of a reduction in outlet temperature. Consequently, less useful work is obtained
from the system with a rise in mass flow rate. With 0.1%, 0.5%, 1%, and 2% particle
fractions, respectively, the improvement in exergy efficiency is found to be 2.43%, 4.33%,
6.56%, and 8.90%.
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Another crucial factor to consider when evaluating the performance of an FPSC is the
convective heat transfer coefficient. Figure 8 demonstrates the contribution of mass flow
rate in affecting the convective heat transfer coefficient. It appears to rise linearly with the
mass flow rate and nanoparticles further improve it. This is due to the direct relationship
between h f and fluid’s thermal conductivity (k f ) based on Equation (14). The heat transfer
coefficient improved by 6.92%, 12.90%, 18.46%, and 27.31% using Fe3O4 with 0.1%, 0.5%,
1%, and 2% volumetric fractions, respectively.
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Figure 9 demonstrates that nanofluids have higher friction factor and pressure drop
values than water, particularly above 0.5% nanoparticle fraction. At 0.1, 0.5, 1, and 2 vol.%,
respectively, nanofluids increased the pressure drop across the collector by 0.38%, 1.98%,
3.96%, and 7.93%, and the friction factor by 0.90%, 3.60%, 6.31%, and 13.51%. This penalty
results from the fluid’s increased dynamic viscosity because of nanoparticles, which lowers
the Reynolds number according to Equation (19) if the mass flow rate remains constant.
This results in a higher friction factor because of its inverse relationship with the Reynolds
number and, therefore, a higher pressure drop across the collector. Additionally, it is found
that at a fixed volume fraction, pressure drop gradually rises as the flow rate increases. The
reason for this is that higher fluid velocities lead to higher velocity gradients in the risers
and, consequently, higher viscous losses. On the other hand, the friction factor considerably
declines with the rising flow rate.
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6.2. The Effect of Inlet Temperature on Thermo-Hydraulic Characteristics of FPSCs

The variation of energy and exergy efficiencies with inlet temperature is seen in
Figure 10. Energy efficiency is seen to decline linearly as inlet temperature increases. This
may be related to the increased heat losses from the collector’s absorber. The absorber
plate’s mean temperature increases together with the inlet temperature, implying that there
is more thermal energy available for losses through conduction, convection, and radiation
as the inlet temperature goes up. This results in a higher value of UL; therefore. Lower heat
flux is available to convert into useful energy.
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On the other hand, the exergy efficiency improves at high inlet temperatures. This is
because exergy loss decreases with rising inlet temperature and absorber plate temperature.
As stated by [47], the difference in temperature between the sun and absorber plate is the
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main reason for this exergy loss. In accordance, as the absorber plate temperature goes
up, the temperature difference will be reduced. This helps in reducing exergy loss and,
ultimately, augments the collector’s useful exergy. Additionally, Figure 10 indicates that
for the investigated range of inlet temperature, nanoparticles have a favorable effect on
both efficiencies. Utilizing Fe3O4 nanoparticles at 0.1%, 0.5%, 1%, and 2%, respectively, an
increase in exergy efficiency of 2.43%, 4.33%, 6.56%, and 8.90% is obtained.

The inlet temperature also influences the convective heat transfer. In Figure 11, at
303 K inlet temperature, the increment in the volume percentage of Fe3O4 from 0.1% to
2% provides an improvement in coefficient heat transfer of 6.30% to 26.93%, compared
to pure water. This enhancement is seen to increase further with temperature, especially
for higher volume fractions (1% and 2%), as higher temperatures raise the nanofluid’s
thermal conductivity. Noteworthy is that higher temperatures augment the convective heat
transfer coefficient while reducing the overall energy efficiency of FPSC. This implies that
the losses from the collector absorber outweigh the temperature’s positive impact on heat
transfer. Therefore, at high temperatures, the collector yields less amount of useful energy.
Furthermore, in Figure 12, there has been a downward trend in both the friction factor and
pressure drop with increasing temperature. This is because higher temperatures lead to a
reduction in density and effective viscosity, which lowers viscous losses.
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6.3. Performance Index (PI)

To assess the effectiveness of magnetite (Fe3O4) nanofluid as solar thermal fluid in
FPSCs, the performance index is determined for different volume fractions. Figure 13
illustrates the variation of the performance index of Fe3O4 water nanofluid with flow rate.
As can be observed, performance index values for 0.1% and 0.5% volumetric fractions are
greater than 1, regardless of the flow rate. However, the values for 1% and 2% volume
fractions are less than 1. Additionally, PI values fall when the mass flow rate is augmented.
Numerical findings lead to the conclusion that using Fe3O4 water nanofluid at volume
fractions greater than 0.5% is not a practically viable option because the rise in pressure
drop is more significant than the improvement in energy efficiency.
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6.4. Temperature and Flow Distribution across FPSCs

Figure 14 shows the distribution of temperature throughout the fluid domain. The
heat picks up by the fluid as it passes through the headers and risers can be visualized
through the temperature distribution. Moreover, the flow distribution in the headers and
risers of the collector is depicted in Figure 15. Since the nanofluid in the current study is
assumed to be a single-phase fluid having modified properties, the flow behavior of water
and nanofluid is found to be similar, with the exception of magnitudes of average velocities
in risers and headers. Because of the similarity in the flow behavior, only one set of vector
plots with an optimum volume fraction of nanoparticles (0.5%) is shown in the figure.
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inlet temperature, and 0.0167 kg/s mass flow rate.

7. Conclusions

This study numerically investigated the potential of magnetite nanofluid (Fe3O4
water) in the FPSC. The combined methodology of MATLAB and CFD modeling was
validated against the published literature and it was further employed for investigating
the influence of a number of operational parameters, including nanoparticle volumetric
fraction, mass flow rate, and inlet temperature on the thermo-hydraulic characteristics
of FPSCs. These characteristics include energy efficiency, exergy efficiency, convection
heat transfer, friction factor, and pressure drop. The numerical results demonstrated that
regardless of the fluid type, energy efficiency rises with increasing flow rate and reducing
inlet temperature. In addition, at higher inlet temperatures, energy efficiency falls while
exergy efficiency increases. An enhancement of 4.28% and 8.90% was found in energy and
exergy efficiencies, respectively.

Overall, the maximum enhancement in FPSC’s thermal performance was found using
a higher volume fraction of Fe3O4 (i.e., 2%), but at the cost of increased friction factor
and pressure drop, which were 13.51% and 7.93% higher, respectively, than water. The
performance index is in general above 1 for a nanoparticle volume fraction ≤ 0.5%. Based
on the outcomes, 0.5% is considered as an optimum volume fraction which presented
an improvement in heat transfer coefficient, collector’s energy, and exergy efficiencies of
12.90%, 2.64%, and 4.33%, respectively, with a negligible penalty in pressure drop.
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Nomenclature

Ac Collector area (m2)
Cbond Bond conductance (W/(m·K))
D Diameter of tube (m)
f Friction factor
h Convective heat transfer coefficient (W/(m2·K))
I Incident solar radiation (W/m2)
Lr Riser tube length (m)
Nu Nusselt number
Pr Prandtl number
Pe Peclet number
Re Reynolds number
T Temperature (K)
UL Overall heat loss coefficient (W/(m2·K))
W Riser tube spacing (m)
Greek symbols
α Thermal diffusivity (m2/s)
β Collector tilt angle (degree)
µ Dynamic viscosity (kg/m s)
ρ Density (kg/m3)
σ Stefan–Boltzmann constant (5.67 × 10−8 W/(m2 K4))
ε Emissivity
δ Thickness (m)
φ Nanoparticle volume fraction (%)
Subscripts
a Ambient
b Bottom
bf Base fluid
e Edge
f Fluid
i Inlet
ins Insulation
nf Nanofluid
np Nanoparticle
o Outlet
pm Plate mean
t Top
Abbreviations
FPSC Flat-plate solar collector
ETC Evacuated tube collector
MWCNT Multi-wall carbon nanotubes
PI Performance index
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