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ARTICLE INFO ABSTRACT

Keywords: This study conducts a numerical comparison of the thermal performance of three distinct working
TiO; nanofluid ) fluids (pure water, TiO, and SiO, water-based nanofluids) within an evacuated tube solar col-
Entropy generation lector using Computational Fluid Dynamics. The study evaluates thermohydraulic performance

Numerical model

alongside global and local entro eneration rates, while considering variations in solar radia-
Computational fluid dynamics & g Py 8 5 g

tion values and inlet mass flow rates. Results indicate that nanofluids demonstrate superior
performance under low solar radiation, exhibiting higher outlet temperatures, velocities, thermal
efficiency, and exergy efficiency compared to pure water. However, at the higher solar radiation
level, the efficiency of SiO, water-based nanofluid diminishes due to its impact on specific heat.
Furthermore, the entropy generation analysis reveals significant reductions with TiO, water-
based nanofluid in all the phenomena considered (up to 79 %). The SiO; nanofluid perfor-
mance aligns closely with pure water under high radiation value. This investigation offers
valuable insights into the utilization of nanofluids in solar collectors across diverse operating
conditions, emphasizing their pivotal role in enhancing overall performance.

1. Introduction

The solar energy has been a renewable and freely available resource, which plays a pivotal role in mitigating the escalating
environmental pollution associated with fossil fuel consumption, particularly in developing nations [1,2]. Its inherent friendly
compatibility, high efficiency, and capacity to meet sustainability and quality energy demands surpasses that of various alternative
renewable energy sources [3].

The devices that can harvesting the solar energy potential in a low temperature application (less than 100 °C) are called solar
collectors. In this sense, the evacuated tube solar collector (ETSC) transforms the solar energy into heat energy by a series of parallel
concentric glass tubes that are connected to a manifold. The vacuum insulation between the concentric tubes allows to minimize the
heat losses of the fluid inside the collector (called working fluid), which absorbs the heat from the solar radiation. The ETSCs have been
in increasing demand in widespread industrial applications, serving as a sustainable and renewable energy source for various purposes,
such as drying, sterilization, distillation, and desalination, among others.
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Nomenclature

A Surface area (m?)

c Specific heat (J kg’1 K1Y

D* Normalized diameter

Esolar Exergy production of the solar irradiation (W)
Euseful Useful exergy production (W)

i Gravity (m s™2)

I Incident solar radiation (W m~2)

k Thermal conductivity (W m 'K

m Inlet mass flow rate (Kg s

P Pressure (Pa)

Qin Solar energy gain rate (W)

Quoss Heat loss (W)

Quseful Useful heat (W)

s Local form of entropy generation rate (W m K1)
Si Global form of entropy generation rate for each phenomenon (W K1)
Se Total entropy generation rate (W KD

T Temperature (°C)

Teny Environmental temperature (°C)

Tin Inlet temperature (°C)

Tout Outlet temperature (°C)

Tsun Solar intensity temperature (K)

u Velocity (m s™1)

Subscripts

bf Base fluid

v Entropy generation rate attributed to viscous effects
nf Nanofluid

np Nanoparticle

h Entropy generation rate attributed to heat transfer
w Water

Greek letters

1) Regression coefficient

n Thermal efficiency

e Exergy efficiency

u Dynamic viscosity (Pa s)

P Density (kg m~—>)

@ Nanoparticle Concentration (% vol)
X Property of the nanofluid in the temperature polynomials
Abbreviation

CFD Computational Fluid Dynamics

cv Computed Values

ETSC Evacuated Tube Solar Collector

GV Guess Values

UDF User-Defined Function

In recent times, there has been a growing interest in investigating the use of nanofluids as enhanced working fluids to increase the
performance of diverse heat transfer devices, including solar technologies such as ETSCs [4,5]. Nanofluids, comprised of nanoparticles
typically smaller than 100 nm dispersed within a base fluid (usually water), possess distinct thermal properties compared to the base
fluid alone. This mixture serves as a more thermally efficient working fluid, augmenting thermal conductivity while diminishing
specific heat capacity. Consequently, nanofluids offer improved overall fluid performance in comparison to pure working fluids.
Therefore, the integration of nanofluids as working fluids enhances the performance of an ETSC [6,7]. Mahendran et al. [8] experi-
mentally determined the outlet temperature and efficiency of an ETSC using TiO, water-based nanofluid. The results indicated an
increment of 19 % and 16.6 % in the outlet temperature and thermal efficiency, respectively, in comparison to using pure water as a
working fluid. Kim et al. [9] conducted a theoretical investigation using different water-based nanofluids in an ETSC. Their study
observed an increase in thermal efficiency, ranked from highest to lowest as follows: CuO, Al;O3, TiO3 and SiO,. Additionally, they
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noted the potential for reducing the annual amount of greenhouse gases by employing multiple solar collectors simultaneously.
Daghigh and Zandi [10] performed an experimental arrangement to investigate an ETSC comparing CuO and TiO, water-based
nanofluids. It was found that the collector’s efficiency improved by 12 % and 5 % respectively in comparison with pure water as
the working fluid. Elshazly et al. [11] evaluated the use of AloO3; water-based nanofluid as the working fluid in an ETSC. Their
experimental results indicated a 12 % enhancement in efficiency compared to using pure water. Hosseini and Shafiey [12] carried out
an experimental investigation on the use of TiO, water-based nanofluid in an ETSC. They reported an increase in thermal conductivity
as well as an enhancement of the collector efficiency by up to 12.2 %. Sasikumar et al. [13] performed an experimental study on
parallel type ETSC using Al;O3 water-based nanofluid. The results revealed that the maximum outlet temperature and thermal effi-
ciency was achieved at the highest particle concentration (0.3 %).

While the previous studies have primarily centered on experimental investigations of ETSCs, conducting such experiments requires
specialized equipment, which can be prohibitively expensive. Consequently, Computational Fluid Dynamics (CFD) has emerged as a
cost-effective alternative for analyzing the use of nanofluids as working fluids in ETSCs. Yan et al. [14] presented a numerical and
experimental investigation to assess the impact of SiO3 nanofluid as the working fluid in an ETSC. The results demonstrated an increase
in the velocity of the working fluid, along with a rise in the temperature of the fluid inside the tubes, reaching up to 9.7 °C. Mercan and
Yurddas [15] developed a CFD model of an ETSC to examine the influence of different parameters on the collector’s performance,
including the type of nanofluid, collector tilt angle, and the number of evacuated tubes. Their findings indicated a significant
enhancement in the outlet temperature when the collector was inclined at a 30° angle with 36 tubes. Also, it was observed a 3.93 %
increase in the outlet temperature for Al;03 nanofluid and a 6.63 % increase for CuO nanofluid. In this sense, Yurddas [16] conducted a
CFD study using various water-based nanofluids within an ETSC configuration inclined at a 30° angle. The results showed that the
outlet temperature improved by 3.25 %, 6.24 % and 14.09 % using SiO», TiO», and Cu water-based nanofluids respectively. Hasan et al.
[17] conducted a numerical investigation on a solar thermal collector using SiO5 water-based nanofluid at different nanoparticle
concentrations. The CFD model showed that a 5 % concentration of the nanofluid resulted in the highest Nusselt number. Tabarhoseini
and Sheikholeslami [18] introduced a CFD numerical model focusing on a section of an ETSC employing Cu water-based nanofluid.
The analysis examined the temperature distribution along the absorber tube, revealing that the utilization of nanofluids led to
increased average manifold temperature and enhanced thermal efficiency.

Previous studies have focused on analyzing the thermal performance of the ETSC. However, quantifying and identifying internal
system irreversibilities are crucial steps necessary to enhance the performance of the ETSC. The entropy generation rate analysis serves
as a valuable metric for assessing the magnitude of irreversibilities arising from different phenomena [19,20]. Lower entropy gen-
eration rate indicates fewer irreversible losses, allowing the solar collector to effectively harness and utilize solar energy for heat
generation. To the best of the authors’ knowledge, there is a limited literature dedicated to quantifying and characterizing entropy
generation in an ETSC employing nanofluid as the working fluid. Gan et al. [21] evaluated the performance and global entropy
generation in an ETSC using TiO2 nanofluid. Their results showed a 16.5 % improvement in thermal efficiency and a 1.23 % decrease in
the entropy generation rate, attributed to the high thermal conductivity of the nanofluid. More recently, Kumar and Tiwari [22]
assessed the thermal performance and global entropy generation rate in an ETSC utilizing boron nitride (BN) water-based nanofluid at
various concentrations. Their results indicated that the highest thermal efficiency was achieved at a concentration of 1.5 %, while the
lowest entropy generation rate was observed at a concentration of 1.25 %. Nevertheless, the global formulation of the entropy gen-
eration leads to ignoring the specific location of the irreversibilities. In this sense, Tabarhoseini and Sheikholeslami [23] developed a
CFD model for an ETSC employing CuO nanofluid as the working fluid. Their analysis encompassed the assessment of entropy gen-
eration rate in both global and local forms, considering various phenomena. Their findings not only identified the precise locations of
irreversibilities but also demonstrated a reduction in entropy generation through the use of nanofluid. However, the numerical model
only considers a simplified solar collector geometry, incorporating a single solar radiation value and using only one type of nanofluid.
Consequently, accurately predicting the performance of the ETSCs remains a challenging task.

Given the absence of comparative studies exploring the utilization of nanofluids as working fluids in a complete ETSCs and the
limited analysis conducted under varied operating conditions, this study endeavors to address this gap in the literature. The present
study is dedicated to comparing the thermohydraulic and entropy performance of an ETSC utilizing TiOy and SiO, water-based
nanofluids, as well as pure water. TiO5 and SiO, water-based nanofluids are selected for their widespread use in previous research
and also due to their potential to enhance the thermal properties of the working fluid [24,25]. The simulations considered a complete
ETSC geometry as well as variations in solar radiation and mass flow rate. Furthermore, a comparative analysis of both local and global
entropy generation rate was conducted, considering the influence of viscous effects, heat transfer, and heat losses. Given the increasing
importance of harnessing solar energy for mitigating environmental impacts and meeting energy demands, this comparative study
contributes to the advancement of solar thermal technology.

2. Geometry and mathematical models

The geometry of the evacuated tube solar collector (ETSC) is based in Ramirez-Minguela et al. [26]. It consists of 36 evacuated
tubes linked to a manifold with each tube measuring 1.5 m in length. The evacuated tubes have internal and external diameters of
0.047 and 0.058 m, respectively. The manifold has a length of 2.50 m with an internal diameter of 0.130 m, and the surface area (A.) is
3.14 m? (Fig. 1). Based on the above dimensions, a 3D geometry was constructed through the commercial software ANSYS-Fluent®.
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Fig. 1. 3D Geometry used for the ETSC.

2.1. Governing equations

The behavior of the working fluids in the ETSC is governed by the continuity, momentum, and energy equations. These equations
are solved using the commercial software ANSYS-Fluent® under the following assumptions [27,28].

e Steady state conditions.
e Laminar flow.

e Properties depending on the temperature of the working fluids.

Specifically, the three-dimensional continuity, momentum and energy equations are expressed as follows in Egs. (1)-(3) [29,30]:

Continuity : Ve (pe w)=0 (€}
Momentum : Ve (pewW e w)= —VP+Ve (uVu)+pg 2
Energy : Ve (puwcl —kVT)+Vegr=0 3

Where "o’ refers to the element-wise (Hadamard) product and the source term V e gg represents the radiation intensity entering the
tubes of the solar collector. This is determined by the solar load model solution, which is incorporated within the ANSYS-Fluent®
software. The use of this model is common in simulating solar thermal devices and has been applied in previous studies [31].

On the other hand, the thermal efficiency of the ETSC using different working fluids is computed as follows in equation (4) [32]:

Ot (T — Ty

=" T Al @

where Qmeﬁ,l and Q;, represent the useful heat and the rate of solar energy gain, respectively.
The exergy efficiency is determined by the following equation (5) [33]:

E, useful
= 5
e E solar ( )

The calculation of the useful exergy production (Eyzq) is done by equation (6) as [34]:

Tau
%W:mﬁw—m—nu(T)} 6)

The expression for the exergy production of the solar irradiation (E,,q) is defined by equation (7) as [35]:
L(To\* 4 (T
! +§(T:un) B g (Tsun):| (7)

where Ty, represents the solar intensity temperature and is considered as 5770 K [36].

Eoir =Acl
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2.2. Pure water and water-based nanofluids properties

The properties of the working fluids (water, TiO, and SiO, water-based nanofluids) such as density (p), thermal conductivity (k),
specific heat (c) and viscosity (u4), were modeled using temperature polynomials to account for buoyancy effects. These temperature
polynomials are valid within the temperature range of 5 °C-95 °C.

For water, the polynomials are provided in Egs. (8)-(11) [37].

p,, = 1001 — 0.0834T — 0.0035T> ®
k, =0.5634 4+ 0.002T — 8 x 10°°T* (©)]
¢, =4215 — 2.3787T 4 0.0528T% — 0.00057° +2 x 10°°T* (10)
1, =0.0017 =5 x 107°T +9 x 1077 — 8 x 107°T° + 3 x 10711 7* 11)

On the other hand, the polynomials of the nanofluids are based on the estimation of their properties at a fixed temperature given by
Egs. (12)-(15) [38-40].

Loy =1 = @)py + 0p,, 12)
Ky + 2kpr + 200 (K — K,

oy = by (S 2R @k — k) 13)
kap + 2kiy — @ (kup — ki)

1—-9)c + @cupp,
Cnf:( (ﬂ)‘bf/)bf PCrpPrp 14)
pn/
Hor =ty (1 + 59 + 80¢” + 160¢°) (15)

The properties for the nanofluid, base fluid (pure water), and nanoparticle are represented by the subscripts “nf”, “bf” and “np”,
respectively.

The properties of the nanoparticles used (TiO; and SiO»), are presented in Table 1.

By combining Egs. (8)-(15) and using the properties of the nanoparticles outlined in Table 1, the temperature polynomials for the
nanofluids (TiO5 and SiO5) are derived and presented as follows (Equation (16)) [44]:

x= 5T (16)
i=0

Where y represents a property of the fluid, while ; stands for the regression coefficient. These coefficients are provided in Table 2 for
both nanofluids.

Table 1

Properties of the TiO, and SiO, nanoparticles used for the analysis.
Property TiO, Value [41,42] SiO, Value [43]
Density, py, (kg/m?) 4260 2400
Thermal Conductivity, kny, (W / mK) 8.4 1.4
Specific Heat, cyp, (J /KgK) 692 745
Particle Size (nm) 21 30
Nanoparticle Concentration, ¢, (% vol) 0.5 0.5

Table 2
Coefficients used in the temperature polynomials of the nanofluids.
Prio, Psio, krio, ksio, C1io, Csio, Hri0, Hsio,

do 786.68 850.41 — 0.7924 — 0.8961 546235.05 491612.10 0.4207 0.4652
51 1.78 1.70 0.0076707 0.0086943 — 8362.11 — 7528.57 — 4.8514x10°3 — 5.3647x10°3
52 — 0.003423 — 0.003272 — 1.004x10°° —1.138x10°° 51.48 46.37 2.1102x10°° 2.3336x10°°
5 - - - - - 0.1581 - 0.1425 — 4.095x10°8 — 4.528x10°8
04 - - - - 2.42x10~4 2.18x10~4 3x10~1 3.3x10° 11
J5 - - - - —1.48x1077 —1.33x1077 - -
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2.3. Formulation of local and global entropy generation rate
The local entropy generation rate results from the phenomena of viscous effects (s,) and heat transfer (s;) taking place within the

working fluids (water or water-based nanofluids). Each contribution is obtained by an infinitesimal volume balance and is expressed by
Egs. (17) and (18) as [45]:

n ou, 2 du, 2 ou, 2 Ou,  Ou, 2 ou, Ou, 2 ou,  Ou, 2

**7{2{(@)6) *(E) +<a—z) +(ay+a> +<a—z+a) +(a—z+a—y> an
k| /oT\*> [oT\* [oT\’

e {(a) *(a) *(az” e

On the other hand, each contribution to the global entropy generation rate is determined by integrating it throughout the entire
volume of the solar collector (Equation (19)) [46].

Si= /s[dV 19

for i = {v,h}. Furthermore, the entropy generation rate attributed to heat loss is taken into account by equation (20) [26]:

I’l"LC(Tum - Tin) _A(I

Sa= Tomr

(20)

Quoss stands for the heat loss and T,,, represents the environmental temperature. Finally, the total entropy generation rate is calculated
by summing all the global contributions (expressed in equation (21)):

S=8+5, 1)

2.4. Boundary and operating conditions

The following boundary conditions were employed in the CFD model: a specified mass flow rate at the inlet of the working fluid
(20 °C) and atmospheric pressure at the exit of the ETSC. Solid surfaces, including tubes and manifold, were designated as walls, and
convective heat transfer from the surroundings of the ETSC was also taken into account.

The properties of the tubes, such as density, thermal conductivity and specific heat are: 2230 kg/m?, 1.2 W/(m)(K), and 800 J/(Kg)
(K), respectively. Also, the optical properties such absorbance and transmittance are 0.92 and 0.95 respectively. More information
about the properties used in the numerical model can be found in Ref. [37].

The simulations took into account the variations in operating conditions, including changes in the working fluid, solar radiation
and inlet mass flow rate. Two solar radiation values were considered (735 and 935 W/m2) along with four different inlet mass flow rate
values [47,48]. Purified water, along with SiO, and TiO3 nanofluids served as the working fluids.

A total of 24 simulations were conducted, combining the specified operating conditions. Fig. 2 summarizes the operating conditions
for the CFD simulations.

2.5. Solution procedure

To acquire the distributions of the velocity and temperature, the SIMPLE algorithm was employed to solve the momentum and
energy equations through the finite volume method. This numerical method ensures accurate conservation of the governing equations
facilitating precise numerical simulations of fluid flow and heat transfer phenomena. Its flexibility in handling complex geometries and

Working Fluid Solar Radiation Inlet Mass Flow Rate
Water 0.04818 kg/s
735 Wim? (R1)
0.0717 kg/s

TiOp water-based
nanofluid

0.0952 kg/s
) 935 W/m? (R2)
SiO, water-based

nanofluid
0.1188 kg/s

Fig. 2. Summary of the operating conditions used in the analysis.
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Input Parameters:
Solar radiation.
Boundary conditions.
Inlet mass flow rate.

Solve governing

Input Parameters: equations: Calculated
Fluid properties Continuity values (CV)
[Eqgs. (10)-(3) or Momentum for all the

Eq. (8)]. Energy variables

Egs. (1)-(5)

4

Guess kil
i generation
values (GV) Convergence: YES—» rate

for model |CV-GV| < 1 x 106

outputs Eqgs. (19)-(24)

@ Fluent
Output parameters:

User Define Function Temperature and velocity distributions.
(UDF) Local and global entropy generation rate
(for all working fluids).

Fig. 3. Flowchart outlining the numerical modeling process for the ETSC.

conservation principles makes it an invaluable tool for understanding these types of applications. Fig. 3 presents the general solution
procedure of the simulation for the ETSC. The initial estimates, referred to as Guess Values (GV), serve as the initial values for the
iterative process. During each iterative step, the GVs are substituted with newly computed values (CV) until the convergence criterion
of 1.0 x 107° is met. A user-defined function (UDF) was used as a post-processing step to calculate the entropy generation rate.

2.6. Mesh analysis

A mesh independence analysis was conducted to optimize computational efficiency in calculating the thermohydraulic perfor-
mance of the ETSC. Both tetrahedral and hexahedral elements ranging from 0.15 million to 6.4 million were taken into account. The
simulations considered a solar radiation value of 935 W/m? (R2) with a mass flow rate of 0.04818 kg/s using TiO5 nanofluid as the
working fluid. The outlet temperature was monitored in each simulation and depicted in Fig. 4.

It is observed that for a mesh number higher than 1.02 million, the temperature exhibits independent behavior regardless of the
mesh used. Therefore, the 24 simulations carried out in this study were conducted with 1.02 million elements. Finally, Fig. 5 shows the
mesh used in the numerical model.

345

34.0

33.5 1

Outlet Temperature (°C)

0.15 0.5 0.75 1.02 1.4 6.4

Number of elements (Millions)

Fig. 4. Mesh independence analysis.
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Fig. 5. Mesh used for the numerical model.

3. Findings and discussion

The following sections offer detailed insights into three key aspects: the validation of the polynomial equations, the validation of
the numerical model, and the main findings derived from employing pure water, TiO, and SiO» nanofluids.

3.1. Validation of the polynomial equations for water-based nanofluids

A verification of the temperature polynomials for the nanofluids properties was conducted by comparing them with experimental
data from the existing literature [49-51]. The same parameters of the nanoparticles used in the experimental setups were consistent
with those employed in this study.

Fig. 6 shows the comparisons of density and thermal conductivity. Specifically, Fig. 6a illustrates the experimental and polynomial
results for density. It is observed that the polynomials for both nanofluids exhibit trends that align with the experimental findings. To
assess the difference between experimental and polynomial values, the root-mean square deviation (RMSD) index was obtained [52].
The RMSDs for the density of TiO2 and SiO2 water-based nanofluids were 0.44 % and 0.25 % respectively. These values indicate an
acceptable level of accuracy for the density polynomial.

Fig. 6b demonstrates the juxtaposition of thermal conductivity between experimental and polynomial data. The polynomial for
SiO2 nanofluid exhibits a consistent trend with experimental findings. Moreover, the thermal conductivity polynomial of the TiOy
water-based nanofluid has a less upward trend than the experimental results. However, the RMSD obtained for the TiO, water-based
nanofluid was 1.73 %, while for the SiO, water-based nanofluid it was 0.72 %. Once again, these values indicate acceptable level of
accuracy for the thermal conductivity polynomial.

Considering the outcomes, the temperature polynomials for nanofluid properties can be employed in numerical simulations of an
ETSC.

It is noteworthy that the behavior of the nanofluid properties follows a similar trend to that of water. For instance, with increasing
temperatures, there is a decline in density, but it is notable that the nanofluids exhibit higher density values compared to water.
Additionally, nanofluids exhibit higher values for thermal conductivity, a minor increase in viscosity, and a notable reduction in
specific heat.

3.2. Validation of the numerical model

To validate the numerical model, a comparison of the outlet temperature obtained through simulation was conducted against the
results reported in the literature for the three working fluids [16,53]. It was ensured that the same operational conditions reported in
the literature were used to ensure a fair comparison.

Table 3 presents the outlet temperature values alongside the corresponding relative error percentages for each working fluid. The
analysis reveals relative errors of less than 3.3 % across all three working fluids. Furthermore, the highest relative error occurs with the
nanofluids as working fluids. This is primarily attributed to the distinct ETSC geometry, which includes a heat exchanger inside the
manifold. Nevertheless, due to the results obtained, the numerical model developed is capable of predicting the behavior of a solar
device such as the ETSC.

3.3. Thermal-hydraulic performance

Fig. 7 illustrates the outlet temperature of the ETSC for each working fluid under different operating conditions. It is observed that
the maximum outlet temperature is obtained with the highest solar radiation value of 935 W/m? (R2) at 0.04818 kg/s. When the TiO,
nanofluid is using as the working fluid, there is an increase of 6.8 % and 6.5 % compared to pure water and SiO, nanofluid respectively.
Moreover, the lowest outlet temperature is obtained at the solar radiation value of 735 W/m? (R1) with a mass flow rate of 0.1188 kg/
s. A difference of 7.2 % is observed between TiO5 nanofluid and pure water, and a difference of 4.3 % between both nanofluids. The



O.A. Lopez-Niinez et al. Heliyon 10 (2024) 29309

a)
1080

1070

1060

1050

1040

1030

Density (kg/m°®)

1020 g_\ .g—
3

1010

1000

20 22 24 26 28 30 32 34 3 38 40
Temperature (°C)
[0 Experimental TiO, —ll-Polynomial TiO, O Experimental SiO, —@-~— Polynomial SiO,

b)

0.70

0.68 i
<
E
= o066 L
2
=
B o064 n)
=]
el
c
3

0.62
ks —
E
2 060
£ o

0.58

20 25 30 35 40 45 50

Temperature (°C)
[ Experimental TiO, —Jll-Polynomial TiO, (O Experimental SiO, —@— Polynomial SiO,

Fig. 6. Comparison of the water-based nanofluids polynomials against experimental results for: a) Density, and b) Thermal conductivity.

elevation in the outlet temperature is attributed to the higher thermal conductivity and lower specific heat obtained by the nanofluids.
This combination enhances the heat transfer efficiency within the ETSC, leading to higher outlet temperatures compared to using
purified water as the working fluid for all the cases.

Fig. 8 provides a comparative view of the temperature distribution throughout the entire ETSC when employing pure water
(Fig. 8a), TiO, (Fig. 8b), and SiO; (Fig. 8c) nanofluids as working fluids. The contours were obtained under the solar radiation value of
935 W/m? using an inlet mass flow rate of 0.04818 kg/s.

A maximum temperature of 46.5 °C is obtained using pure water as working fluid, while using TiO, and SiOy water-based
nanofluids, the maximum temperatures were around 37 °C and 35 °C respectively. However, it is noteworthy that employing pure
water as the working fluid leads to minimum temperatures as low as 20 °C in several areas of the manifold and even within the
evacuated tubes. This variation creates significant temperature gradients, ultimately resulting in lower average outlet temperatures.
Consequently, the average outlet temperature is higher when nanofluids are utilized compared to using pure water, as illustrated
previously in Fig. 7. Furthermore, the temperature distribution throughout the ETSC is influenced by the choice of working fluid,
particularly evident when comparing pure water and nanofluids. The lower thermal diffusivity of the nanofluids promotes convective
heat transfer, resulting in a more uniform temperature distribution. This phenomenon minimizes temperature gradients in areas prone

Table 3
Validation of the numerical model.
Working fluid Outlet Temperature, T,y (°C) % Relative error
Water 36.7 [53] 0.8
36.4
TiO, Nanofluid 38.46 [16] 3.1
37.3
SiO, Nanofluid 38.35 [16] 3.3
37.1
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36
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Fig. 7. Outlet temperature of the ETSC using nanofluids and pure water under various operating conditions.

to temperature fluctuations, such as within the manifold. Mathematically, it is observed that the local entropy generation rate due to
heat transfer (Eq. (18)) is influenced by the temperature gradients within the system. Therefore, by reducing these temperature
gradients and achieving a more homogeneous temperature distribution, the rate of entropy generation in the system decreases [54].
Finally, this behavior is attributed to the modifications in the properties of the base fluid induced by the nanoparticles (TiO, or SiO5),
particularly with regard to thermal conductivity and specific heat.

Fig. 9 presents a comparison of velocity profiles within the evacuated tubes of the ETSC for the three studied working fluids.
Additionally, the comparison is conducted under a solar radiation value of 935 W/m? (R2) with an inlet mass flow rate of 0.04818 kg/
s. The profiles were extracted along a vertical line representing a normalized diameter, D*, ranging from O to 1, with 0.5 denoting the
center of the tube. This line is positioned at the junction between the tube and the manifold. The profiles are shown for the initial tube
(Fig. 9a), located at the inlet of the collector, the middle tube (Fig. 9b) and the final tube (Fig. 9¢), located at the outlet of the collector.

In general, for all the working fluids, extremely low velocities inside the tubes were found. The positive values indicate fluid flow
from the manifold, whereas negative values represent fluid flow returning to the manifold. The maximum velocity from the manifold to
the tube is observed in the first and last tubes, reaching 15 mm/s when employing TiO, water-based nanofluid. On the other hand, the
maximum velocity from the tube to the manifold is detected in all three ETSC tubes analyzed, approximately —25 mm/s, when using
Si0, water-based nanofluid.

It is important to emphasize that, in all cases, higher velocities are achieved when nanofluids are employed as working fluids. This
is attributed to the combined alterations in thermal properties. Furthermore, the SiO2 water-based nanofluid presents higher density
values than the TiO, water-based nanofluid, leading to lower kinematic viscosity values [55]. Because of this, the SiO5 water-based
nanofluid has higher velocity values among the three working fluids. However, the velocity values remain quite low for all the
working fluids, leading to an exceedingly low entropy generation attributable to viscous effects.

The velocity profile maintains consistency across different operating conditions, aligning with patterns observed in varying solar
radiation intensities and mass flow rate values (as stablished in section 2.4).

3.4. Thermal and exergy efficiency

Fig. 10 compares the thermal efficiency of purified water and nanofluids as working fluids, under varying solar radiation values (R1
and R2) and inlet mass flow rates. It is noted that for the lowest solar radiation value (R1), both nanofluids show higher thermal
efficiency values than pure water across all the inlet mass flow rates. Furthermore, the TiO, nanofluid exhibits an average percentage
increase of 24.5 % and 17.6 % compared to pure water and SiOy nanofluid, respectively, calculated by averaging the percentage
increases across all mass flow rates values.

For the highest solar radiation value (R2), it is observed that employing SiO3 nanofluid results in the lowest values of thermal
efficiency among the three working fluids. However, its difference with respect to pure water decreases as the inlet mass flow rate
increases. These low thermal efficiency values are due to a negative impact on the specific heat of the base fluid due to the SiO5
nanoparticle [43]. Finally, the TiO nanofluid has an average percentage increase of 6.9 % and 10.1 % in comparison with purified
water and SiO» nanofluid respectively.

Fig. 11 compares the exergy efficiency of purified water and nanofluids under varying solar radiation values (R1 and R2) and inlet
mass flow rates. It is noted that, for the lowest solar radiation value (R1), both nanofluids show higher exergy efficiency values across
all inlet mass flow rates. Specifically, the TiO5 nanofluid demonstrates an average percentage increase of 160 % and 78.4 % compared
to using pure water and SiO3 nanofluid respectively. These percentages are calculated by averaging the percentage increases across all
mass flow rates values.
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Fig. 11. Comparison of the exergy efficiencies of the ETSC using nanofluids and pure water under various operating conditions.

On the other hand, for the highest solar radiation value (R2) it can be noted that using SiO» nanofluid shows almost the same exergy
efficiency values as pure water. Nevertheless, its difference increases as the inlet mass flow rate also increases. The TiO; nanofluid
exhibits an average percentage increase of 26.6 % compared to using purified water and an 23 % increase compared to SiO, water-
based nanofluid.

Finally, it is worth mentioning that the values obtained for the thermal and exergy efficiencies are in agreement with similar models
reported in the literature [56,57].

3.5. Global form of the entropy generation rate

Fig. 12 provides a comprehensive assessment of the global entropy generation rate, considering variations in solar radiation values
(735 W/m? and 935 W/mz) while maintaining a constant inlet mass flow rate of 0.04818 kg/s.

The entropy generation rate attributed to viscous effects (Sy) exhibits extremely low values for both solar radiation levels and across
all three working fluids (falling within the range of 10~°). This minimal entropy generation rate is attributed to the exceptionally low
velocity values observed within the ETSC, as depicted in Fig. 9. Thus, it can be inferred that the entropy generation rate caused by
viscous effects is negligible in this particular solar collector design.

For the lowest solar radiation value (Fig. 12a), the entropy generation rate attributed to heat transfer (Sy,) presents global values of
0.061 W/K, 0.014 W/K and 0.013 W/K for pure water, TiO, nanofluid and SiO5 nanofluid respectively. This represents a decrease of
77.5 % between pure water and TiO, nanofluid, and 79 % between pure water and SiO, nanofluid. This reduction is related to the
improvement in the temperature distribution (shown in Fig. 8). On the other hand, the global entropy generation rate attributed to
heat loss (Sq) has values of 4.73 W/K for pure water, 2.67 W/K for TiO, water-based nanofluid and 4.38 W/K for SiO nanofluid. This
represents a reduction of 43.5 % between purified water and TiO, nanofluid and a 7.3 % decrease between purified water and SiO,
nanofluid. This reduction is linked to the alterations in the specific heat of the nanofluids.
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For the highest solar radiation value (Fig. 12b), the entropy generation rate attributed to heat transfer (Sy,) presents global values of
0.15W/K, 0.04 W/K and 0.035 W/K for pure water, TiO5 nanofluid and SiO5 nanofluid respectively. This represents a decrease of 74.5
% between purified water and TiO» nanofluid and 77 % between purified water and SiOz nanofluid. The entropy generation rate
attributed to heat loss (Sy) has global values of 2.22 W/K, 0.73W/K and 2.93 W/K for pure water, TiO2 nanofluid and SiO, nanofluid
respectively. This represents a decrease of 67 % between purified water and TiO2 nanofluid but an increase of 24 % between purified
water and SiO, nanofluid. This phenomenon is attributed to the adverse effect on the specific heat of the SiO, water-based nanofluid,
particularly under high solar radiation conditions.

Across all working fluids and for both solar radiation levels, approximately 95 % of the total entropy generation rate is attributed to
heat loss (Sq). Moreover, a consistent pattern in the global entropy generation rate is observed across various inlet mass flow rate
values.

Fig. 13 shows the global form of the entropy generation rate for the three working fluids under varying inlet mass flow rates and the
solar radiation conditions (735 W/m? and 935 W/m?). The global form of the entropy generation rate accounts for viscous effects, heat
transfer, and heat loss.

The data showed that the global form of the entropy generation caused by viscous effects (Fig. 13a) rises with an increase in the
mass flow rate and solar radiation value. The pure water has the highest entropy generation rate value (4.7 x 10~3 W/K) followed by
the TiO2 nanofluid (5 x 10~® W/K) and SiO, nanofluid (2 x 10~® W/K). As previously mentioned, the entropy generation attributed to
viscous effects is minimal across all working fluids and under all the examined scenarios due to the low velocities obtained.

The global form of the entropy generation rate attributed to heat transfer (Fig. 13b) exhibits a nearly independent behavior
concerning changes in the inlet mass flow rate but not with solar radiation values. With higher solar radiation values, the entropy
generation rate attributed to heat transfer also has an increment. Specifically, the pure water has the highest entropy generation rate
value (0.16 W/K) followed by the TiO nanofluid (0.054 W/K) and the SiO; nanofluid (0.05 W/K).
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Fig. 13. Global form of the entropy generation rate attributed to a) viscous effects, b) heat transfer and c) heat loss.

The global form of the entropy generation rate attributed to heat loss (Fig. 13c) exhibits a consistent decrease as the inlet mass flow
rate increases. Furthermore, the decrease becomes more pronounced with higher solar radiation values. However, at the highest solar
radiation value, the SiO5 nanofluid shows higher entropy generation rate values than pure water as the working fluid. As stated above,
there is a negative impact on the specific heat of SiO nanofluid, especially at higher solar radiation values. The pure water at the
lowest solar radiation value, has the highest entropy generation rate value (4.7 W/K) followed by the SiO3 nanofluid (4.4W/ K) and
TiO2 nanofluid (1.9 W/K).

In general, using nanofluids reduces the entropy generation rate values, contributing to an improved ETSC performance.

3.6. Local form of the entropy generation rate

Fig. 14 illustrates the local form of the entropy generation rate attributed to viscous effects at both the initial and last tubes of the
ETSC. These contours account for the three working fluids under a solar radiation value of 935 W/m? and an inlet mass flow rate of
0.04818 kg/s. In the initial tube (Fig. 14a), the entropy generation rate attributed to viscous effects is concentrated in the middle of the
manifold for all the working fluids, coinciding with the maximum velocities of the working fluids. In the last tube (Fig. 14b) the entropy
generation rate attributed to viscous effects is concentrated at the junction of the manifold and the evacuated tube. Additionally, as the
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Fig. 14. Local form of the entropy generation rate attributed to viscous effects at the a) initial and b) last tube of the ETSC at 935 W/m? (R2) and an
inlet mass flow rate of 0.04818 kg/s.

fluid traverses through the ETSC, the entropy generation decreases. The maximum values of the entropy generation attributed to
viscous effects are 1.3x1072,1.6 x 103 and 5.3 x 10~* W/m®K corresponding to pure water, TiO, nanofluid and SiO, nanofluid
respectively. These values are found at the first tube of the ETSC. In general, when nanofluids are employed as working fluids, the local
form of the entropy generation attributed to viscous effects is lower.

The contours of the local entropy generation rate attributed to heat transfer, as shown in Fig. 15, are illustrated at both the initial
and last tubes of the ETSC. These contours encompass the three working fluids with a solar radiation of 935 W/m? and an inlet mass
flow rate of 0.04818 kg/s. In the initial tube (Fig. 15a), when using pure water as the working fluid, the concentration of entropy
generation rate attributed to heat transfer is observed at the junction of the manifold and the evacuated tube. When nanofluids are
utilized, the entropy generation becomes concentrated in the center of the manifold, and this behavior is linked to the temperature
gradients inside the ETSC. In the last tube (Fig. 15b) the entropy generation attributed to heat transfer is concentrated at the junction of
the manifold and the evacuated tube for all three working fluids. Once again, it is observed that, as the working fluid flows through the
ETSC, the entropy generation decreases. The highest local entropy generation rate attributed to heat transfer is recorded at the initial
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tube of the ETSC, with values of 67.8,12.8 and 10.4 W/m®K for pure water, TiO nanofluid and SiO5 nanofluid respectively. In general,
the uniform temperature distribution resulting from the use of nanofluids leads to reduced entropy generation rate attributed to heat
transfer.

4. Conclusions

This study provides a comparison of the thermohydraulic performance and entropy generation rate in an evacuated tube solar
collector using TiO2 and SiO» nanofluids, as well as pure water, as working fluids. Through 24 simulations conducted via Computa-
tional Fluid Dynamics, variations in solar radiation and inlet mass flow rate were explored as operational parameters.

The results demonstrate that TiO5 nanofluid consistently achieves the highest outlet temperature under all operational conditions,
surpassing pure water and SiO5 nanofluid by 6.8 % and 6.5 %, respectively. Using water-based nanofluids as working fluids results in a
more uniform temperature distribution throughout the ETSC, attributing to the modified thermal conductivity of the nanofluids.

While nanofluids result in higher velocities, it is noteworthy that the velocity values remain low for all working fluids. The
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combination of alterations in thermal properties, particularly viscosity, thermal conductivity, and density, contributes to the increase
in velocity.

The TiO, nanofluid consistently shows higher thermal and exergy efficiency 0.86 and 0.022, respectively) across all conditions,
aligning with previous findings. However, the SiO, nanofluid displays lower efficiency, especially under the highest solar radiation.
This is due to SiO, nanoparticles’ impact on specific heat.

Entropy generation rate attributed to viscous effects remains negligible across all nanofluids, however, the entropy generation rate
due to heat transfer increases with solar radiation. On the other hand, the entropy generation rate due to heat loss decreases with
higher mass flow rates, particularly with increasing solar radiation. TiOz nanofluid shows the lowest entropy generation rate, while
SiO nanofluid’s specific heat leads to higher entropy generation rate under the highest solar radiation value.

Nanofluid application significantly reduces local entropy generation rate, facilitating the identification of irreversibilities within
the ETSC, which are primarily concentrated in the middle of the manifold and at the junction with the evacuated tube.

This study offers valuable insights into the efficiency of an ETSC using different nanofluids, highlighting their potential to enhance
performance. In order to promote environmental sustainability, it is recommended to focus on enhancing efficiency and reducing
irreversibilities within the ETSC. This could involve further experimentation with different operational parameters, development of
innovative design strategies and even different types of nanofluids.
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