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ARTICLE INFO ABSTRACT

Keywords: In this paper, the entropy generation (Eg.,) and exergy of a solar collector (SC) with alumina/
Solar collector ethylene glycol-water (50:50) nanofluid (NFs) flow are calculated. The tubes and the absorber
Exergy plate of the collector are made of copper and steel, and the results of both materials are compared.

Entropy generation
Nanoparticle shape

intensifies the magnitudes of Exqyr and Exgss.

Tubes with hexagonal cross section are considered. Nanoparticles (NPs) with four different shapes
of platelet, brick, blade, and cylinder are considered, and their effect is evaluated. Volume
fraction (¢) changes in the range of 0-4%, and mass flow rate varies from 0.25 to 1 kg/s. These
parameters as well as the material of collector tubes and the shape of NPs are the variables of this
study and their effect on fluid frictional entropy generation (Sg f1), thermal entropy generation (Sg,
th), total entropy generation (Sgor), exergy output (Exour), and exergy loss (Exjoss) is examined.
Proposed relationships and an in-house code in MATLAB software are used for analysis. The
results demonstrated that the use of copper tube leads to smaller amounts of Sg ¢, and Sg (ot than
steel tube. Besides, the Exqy for cooper tubes is higher than that for steel ones. An increment in
the flow rate enhances Sg tor. Increasing the fluid mass flow rate from 0.25 to 1 kg/s increases the
values of Sg or 7.9 and 8.4 times for the steel and copper collectors, respectively. The addition of
NPs reduces Sg s, but enhances Sg ¢ at high values of ¢. The addition of 4% of all shapes NPs

1. Introduction

A massive amount of greenhouse gases are produced by humans annually. Most of these gases are carbon dioxide. The combustion
of fossil fuels in power plants, residential buildings, and cars is one of the most important contributors to greenhouse gas emissions [1].
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Fig. 1. Schematic of the geometry.

The consumption of fossil fuels reduces their valuable sources and also leads to the pollution of the planet. Climate change is the result
of greenhouse gas emissions. Concerning climate change and the growing need for energy have led the countries to explore renewable
and clean energies [2]. Wind energy, sea waves, geothermal energy, etc., are among the renewable energies available to humans, in
which some countries have invested. Among these, solar energy has received more attention than other renewable energies [3-5]. One
of the most widely used solar devices is SCs [6]. SCs are made in different types, and their main purpose is to transfer solar energy to the
working fluid and enhance the temperature of the fluid. Flat plate collectors have become popular to provide hot water [7]. These
collectors are provided in different dimensions to provide different capacities of hot water [8]. Therefore, different researchers have
studied this type of collector [9-13]. Some researchers have used the numerical method and others the experimental approach to
collect data [14-18]. Researchers have studied this type of collector by changing its geometry [19-21]. For instance, Kayay et al. [22]
conducted an experiment to evaluate a solar water heater by changing the collector tube. Researchers have tried to resolve the problem
of the low thermal conductivity of fluids [23-25]. Since Choi [26] first proposed the notion of NFs. Metal particles added to liquids
improve heat conductivity; nevertheless, corrosion issues made this approach unsuitable. Many scholars have utilized nanotechnology
[27-31]. NFs are made up of a mix of NPs from various materials and liquids. The thermal conductivity of NFs is greater than that of
their base liquid [32,33]. Therefore, researchers have used many NFs in their works [34-36]. The use of NFs is also common in
solar-based articles, and several articles have been published in this field [37-42]. For example, Aliabadi et al. [39] studied the effect of
using NFs with different values of ¢ on a flat plate SC. They used an innovative geometry for their work and showed that an
enhancement in the flow rate intensifies the amount of pressure drop and the heat transfer coefficient. The addition of NPs also en-
hances the Nusselt number.

NPs can be made and used in various shapes. Blades, platelets, cylinders, and bricks are all common forms. Because the inclusion of
any of these shapes of NPs alters the quantity of thermal conductivity as well as the viscosity of NFs, these researchers set out to
discover the optimal state for having the maximum heat transfer and the lowest pressure drop by experimenting with various NP
[43-46]. Arani et al. [47] investigated the influence of different forms of NPs on heat transport in a mini-channel and discovered that
increasing the Reynolds number increases the Nusselt number. Furthermore, using platelet-shaped NPs resulted in the smallest rise in
the Nusselt number, while using brick-shaped NPs results in the largest increase.

Because NPs of various forms must be employed by various devices, they affect the thermal conductivity and viscosity of the fluid.
Due to the importance of solar energy on the one hand and the importance of using NPs with different shapes, on the other hand, the
impact of NPs with different shapes of blade, platelet, brick, and cylinder on a flat plate collector is studied. This study is done by using
available relations. Also, since the hexagonal cross-section can transfer more heat than the circle one, tubes with hexagonal cross-
section are used to measure their effect on heat transfer in the collector. Two metals, steel, and copper are employed to study the
collector, and the results are compared. Finally, the values of fluid outlet temperature from the collector, the Nusselt number, and heat
transfer coefficient are studied by changing the value of ¢ for different shapes of NPs when the flow rate changes from 0.25 to 1 kg/s.
The use of hexagonal tubes in the collector as well as the study of the effect of nanoparticle shape and collector material on entropy and
exergy was considered as the innovation of the present work.
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2. Analysis of the second law of thermodynamics

Fig. 1 depicts a schematic of the present geometry.
The equations are presented below, assuming that the flow of the nanofluid is homogeneous and incompressible for the steady
state, regardless of the volumetric forces [49,50]. The general relation for S can be written as follows [51]:

Wiow _ Es+E

Seen 1
T, T, m
where Wi is the amount of lost work, E; is the amount of leakage exergy and Ej is the amount of exergy destruction.
The amount of exergy destruction can be obtained using the following equation [52-54]:
Eg=Eqar, + Eqar + Eqar, )

where Ej o7, is the exergy destruction due to the temperature difference between the sun and the absorber plate and can be written as
follows:

. 1 1
E = AT\ ———
aar, =1,GAT, (TP TS> 3)

E,p is the exergy destruction due to the pressure drop in the SC, which is expressed as follows:
B mAP L 1n< T ) 4
har (Tour - Ti )

Ed‘ATj is the exergy destruction due to the NFs flow and the temperature difference between the NFs and the adsorbent plate:

- Tou T(m - Thl
Eyar, =mCpT, (111( T ') - %) (5)
a P

To obtain exergy values, it is first necessary to specify the Tp. To determine Tp, the first law of thermodynamics can be written by
considering a control volume around the SC:

E.rt = E,-,, - Euul + Eg('n (6)

where E, is the energy absorbed by the collector, E;, is the energy input to the collector, E,, is the energy output from the collector, and

Ege, is the energy generated in the collector. The above equation can be written as follows:
0. =An,G — U(Tr — T,)] @
where Q, is the amount of heat received by the collector, A, is the collector area, 7, is the optical efficiency of the glass coating, G, is the

amount of input radiation on the glass plate, T, is ambient temperature, and Uy, is the overall heat transfer coefficient. This coefficient
can be calculated as follows:

U =U+U,+U, ®

where the index t is the heat transfer from top, b is the heat transfer from bottom, and e is the heat transfer from the collector edges. The
following equation can be used to calculate U; [48]:

1 o(Tp + T;)(Tp + T)
U= Ve + 1 Wert T _ o ()
033 e,,+o,05/vg(1fep)+ e, ¢
‘H N
Tp | Ng+r Ty

where Ny is equal to 1, which indicates the number of cover glasses. ¢ is the Stephan Boltzmann constant, ¢ is the collector absorption
coefficient and hy is the heat transfer coefficient of wind. The constants 7 and C are obtained from the following equations:

7= (1 0.04hy +0.0005%2,) (1 +0.091N,) (10)

€ =365.9(1—0.008834 -+ 0.00012985°) ()]

where f is the collector slope. The value of heat transfer coefficient of wind can also be obtained using the following equation [48]:

8.6 10
hy = 104

(12)
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Table 1
Constants for the SC [48].

Collector parameter

B 35°

8¢ 2.5mm

Mo 0.84

w 25cm

n 5

L 15m

D; 2.5mm

D, 3 mm

Ts 4350 K

ty 2cm

te lcm

& 0.92

£ 0.88

Solar radiation on solar collector (') 1000 W/m?

T,y 298 K

Tin 298K

Vw 3m/s

Table 2
Values of constants for different shapes of Al,O3 NPs [57].
Ck Ay Az

Platelets 2.61 37.1 612.6
Blades 2.74 14.6 123.3
Cylinders 3.95 13.5 904.4
Bricks 3.37 1.9 471.4

N N lll
" e

Bricks Cylinders Blades Platelet
Fig. 2. Schematic of the shape of NPs.
Table 3
Thermophysical properties of alumina nanometer NPs and ethylene glycol/water 50/50 [57].
Property Cp (J /kg.K) k (W/mXK) p(kg /m?) u(kg /m.s)
Water/EG 50/50 3300 0.3799 1067.5 0.00339
AlOOH 618.3 30 3050 -

where V,, indicates wind velocity, and L is the collector length. The heat loss of the collector bottom and edges is obtained as follows:

g1

b=, 1

R
it A

13)

14
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Fig. 3. The variations of Sy for different shapes and volume fractions of NPs and collector tubes made of copper and steel.

where t;, is the thickness of the insulation and k;, is the thermal conductivity of the insulation. The values of h, 4 and h;, 5, which refer to
the heat transfer coefficient around the collector edges and bottom, are equal to 5 W/m?K [48].

The following is the relation of Tp. To determine Uy, it is necessary to specify the value of Tp. The value of Uy, is calculated then after
making the initial guess.

Qll
Tp=Ty+——(1-F 1
P +ACFRUL( ) (15)

By performing consecutive solutions in different loops, the final value for the above equation is reached. The convergence criterion
is 107°.
Fg is related to heat removal coefficient, which is expressed as follows:

Gy ULF A,
FR?A(-UI_ {1 exp( Gy )] (16)

The collector efficiency F’ is calculated as follows [48]:

e A 17)
w |:U,_[D+(]W—D)F] + ﬂD]\hﬁ:l

where W and D indicate the distance between the tubes and the outer diameter, respectively. Index i refers to the inner diameter. The
standard fin factor F is also specified as follows:
F:mnh[m(WfD)/Z] 18)
m(W —D)/2
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Fig. 4. Sy, for the blade, brick, platelet, and cylinder-shaped NPs with different values of ¢ for copper and steel collectors.

me L (19)

where k. indicates the thermal conductivity and &, is the thickness of the adsorbent plate. By estimating F* and having Tp, the value of

exergy can be calculated.
The amount of Leakage exergy is expressed as follows:

E=UA(Ty—T,) <1 - %) (20)
Finally, the production of total entropy may be represented as follows:
: LN (o (T (Tou—Ti) T\ (s nwap " (lf_)
Seror =1,GAc (T—P - ?‘> + mCp <ln< T, ) - T) + UA. (1 — T—P> (i - 1> + ﬁ m (21
Som Sesr

where m is the mass flow rate, AP is the pressure drop, and T; is the apparent solar temperature. The following equation may also be
used to calculate the amount of pressure drop [49]:

AP =Py — Py =p,g(L, sin f+ ) -

where L, sin f is the vertical distance between the output and input of the collector and h; L is the sum of the head loss in the collector.
The total value of the head losses, including the major and minor head losses for the collector parallel risers, can be obtained from the
following equation [55].:

(23)

Rimajor = Mt risert = Niyisers = oo = My riser n
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Fig. 5. Sg o for the blade, brick, platelet, and cylinder-shaped NPs with different values of ¢ for copper and steel collectors.

The total head loss is:

82 L &
hi, = Ry ajor ~+ Riminor = PerD? (f D, + ; KL)
Finally, the equations used for exergy output and exergy loss are expressed as follows [56]:

EXoul = mcpjlf |:(Tou! - Ta) - Ta In <T0ul/T >:|

EXjo5s = mcp.nf |:Ta In (Tuut/T_ >:|
To determine the temperature of the fluid at the outflow, use the temperature of the adsorbent plate:

Ou

mcll-,'!/

Tow=Tin +
All constants introduced in the above equations are given in Table 1.

. NFs properties

Case Studies in Thermal Engineering 28 (2021) 101510

(24)

(25)

(26)

27)

Boehmite alumina (AIOOH) NPs and ethylene glycol-water (50:50) are used for NFs preparation. The relations expressing viscosity

and thermal conductivity of NFs, according to Timofeeva et al. [57] are expressed as follows:

P A+ A

Hot

(28)
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Fig. 6. Sg o for the blade, brick, platelet, and cylinder-shaped NPs and different flow rates for copper and steel collectors when ¢ = 4%.

k¢
=140 (29
kbf

where the constant values of Cy, A; and A, are dependent on the shape of NPs, which are presented in Table 2.
The density and specific heat capacity of the NFs can also be extracted as follows, respectively.

pr=p, + (1 —P)py (30)
1- ,
Cp)f _ ( q)) (pCPF))h; + (I)(pCp)p (31)
f

where the index p represents NPs, and the index bf refers to the fluid. Fig. 2 shows a schematic of the shape of NPs.
The properties of water/ethylene glycol 50/50 and boehmite alumina NPs are given in Table 3.

4. Results and discussion

In Fig. 3, the amount of Sg ¢ for different volume fractions of blade, brick, platelet, and cylinder NPs and the collector made of
copper and steel. The trend of S ¢ for both types of tubes is the same. In the copper tube, cylinder- and platelet-shaped NPs increase the
Sg it by enhancing the ¢. Whereas the other two NPs initially reduce and then increase the Sy ¢ as ¢ is enhanced. The Sg ¢ decreases and
then increases for cylinder-shaped NPs in the steel tube. However, the Sg ¢ has a descending trend for the blade NPs. The maximum
value of Sg ¢ occurs when ¢ = 4% for platelet-shaped NPs in both tubes. The minimum value of Sy ¢ corresponds to brick-shaped NPs
when ¢ = 2% and blade-shaped NPs when ¢ = 4% for copper and steel tubes, respectively.

Fig. 4 shows Sg , for the blade, brick, platelet, and cylinder-shaped NPs with different values of ¢ for copper and steel collectors. In
general, adding NPs to water/ethylene glycol reduces the amount of Sg ¢, in the collector. This can be seen for both tubes. Cylinder and
platelet-shaped NPs lead to a less reduction in Sg,, while brick and blade-shaped ones result in a higher reduction of Sg 1, for both
tubes. Adding all types of NPs reduces the amount of Sg ,. It can also be seen that the copper tube has less Sg ¢, than the steel one.
However, in steel tube, adding NPs is more effective than the copper tube and reduce Sy, by about 20 W/K when ¢ = 4%.
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Fig. 7. The amounts of Ex,,, for the blade, brick, platelet, and cylinder-shaped NPs with different values of ¢ for copper and steel collectors.

In Fig. 5, Sg ot is plotted for the blade, brick, platelet, and cylinder-shaped NPs with different values of ¢ for copper and steel
collectors. It can be seen that the amount of Sg o is enhanced with the addition of platelet and cylinder-shaped NPs. The addition of
blade-shaped NPs leads to a little change in Sg 1or, while adding brick-shaped NPs reduces and then enhances the amount of Sg . The
minimum value of Sg o corresponds to cooper tube for brick-shaped NPs with ¢ = 2 and 3%. In steel tubes, the addition of platelet-
shaped NPs increases Sg (0. But for the other shapes of NPs, adding a certain amount of NPs reduces Sg (0. For cylinder-shaped NPs,
adding more NPs enhances Sg 141, while for blade and brick-shaped ones, the Sg (o is reduced. The minimum value of Sg ;o; corresponds
to blade-shaped NPs with ¢ = 4%. In general, Sg 1o in the copper tube is less than that in steel tube, which is due to the higher thermal
conductivity of copper tube.

Fig. 6 shows Sg (ot for the blade, brick, platelet, and cylinder-shaped NPs and different flow rates for copper and steel collectors
when ¢ = 4%. In both types of tubes, an increment in the NFs flow rate from 0.25 to 1 kg/s enhances the amount of Sg (or. Increasing the
velocity intensifies Sg i and thus enhances Sg 1o Platelet-shaped NPs have the maximum amount of Sg 1ot at all flow rates for both tubes,
while blade-shaped NPs have the minimum value of Sg ;0. It can be seen that for all flow rates, the copper tube has a lower Sg ;o than
the steel one.

In Fig. 7, the amounts of Ex, are presented for the blade, brick, platelet, and cylinder-shaped NPs with different values of ¢ for
copper and steel collectors. It can be seen that the changes in the graphs are the same for the two types of tubes. In both tubes, except
for the brick-shaped NPs, an increment in the amount of NPs reduces and then enhances the amount of Ex,y;. Adding NPs reduces the
heat capacity of the fluid but intensifies the temperature at the output, leading to the changes in the Ex,, with ¢. The NFs flowing in
the copper tube has more exergy than the NFs moving the steel tube. Exq,¢ of copper tube is higher than that of steel one.

Fig. 8 demonstrates Exjqs for the blade, brick, platelet, and cylinder-shaped NPs with different values of ¢ for copper and steel
collectors. The variations of Exj,ss are the same as Exqy; for different shapes of NPs. However, the initial reduction in Exjoss at ¢ = 1% is
greater than Ex,. It can be seen that the amount of Ex),ss in the copper tube is higher than that in steel one. Platelet-shaped NPs have
the minimum Exjogs and Brick-shaped ones have the maximum Exj,ss when ¢ = 4%.
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Fig. 8. Exjos for the blade, brick, platelet, and cylinder-shaped NPs with different values of ¢ for copper and steel collectors.
5. Conclusions

In this paper, the second-law analysis of boehmite alumina/water-ethylene glycol (50:50) NFs flow is performed for a SC with a
hexagonal cross section. Sg fr, Sg th, Sg,tots EXout, and Exjogs are analyzed for copper and steel tubes by changing the flow rate and volume
percentage of the blade, cylinder, platelet, and brick-shaped NPs. The results of this study demonstrate:

1 An increment in ¢ up to 1% for the blade, cylinder, and platelet-shaped NPs reduce the amount of Sy ¢, but further enhancement of
the percentage of NPs intensifies these values.

2 Exoyuand Exjog in the copper tube are higher than those in steel one. The values of Sg 1, and Sg 1o for steel tube are higher than those
for copper tube.

3 Platelet-shaped NPs have the maximum value of Sg 1o, and the minimum Exoy is obtained for these NPs.

4 The addition of NPs to ethylene glycol enhances Sg ¢f and reduces Sg 1, when ¢ = 4%. Platelet and cylinder-shaped NPs enhance Sg 1ot
at a high value of ¢, but the blade and brick-shaped NPs reduce Sg 1ot

5 An increment in the NFs flow rate in both tubes enhances the amount of Sg 1. For platelet shape, by increasing the mass flow rate
from 0.25 to 1 kg/s, nanoparticles in steel and copper collectors increase the total production entropy by 7.9 and 8.4 times,
respectively.
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