Effect of nanoparticles shape on turbulent nanofluids flow within a solar
collector by using hexagonal cross-section tubes
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This paper investigates the turbulent flow of nanofluid (NFs) in which boehmite-alumina nanoparticles with
different shapes of platelet, brick, blade, and cylinder suspended in a mixture of W/EG in a flat plate solar
collector (FPSC). A hexagonal cross-sectional tube is used in the FPSC and compared with a simple one. The
problem variables include flow rate (FR) (0.25-1 kg / s), shape and volume percentage (¢) of nanoparticles (NPs)
(0-4%), tube shape (circular and hexagonal) and FPSC material (copper and steel). The influence of these
variables on the FPSC output temperature (TCoyr), Nusselt number (Nu) and heat transfer coefficient (h) is
investigated. The results reveal that copper FPSC can provide higher TCoyr but has lower convective coeffient
and Nu than steel FPSC. The outlet fluid temperature is 1.86 °C higher when pure fluid flows in copper tubes. The
addition of NPs, particularly bricks, causes the temperature of the fluid at the outlet to rise. This increase is about
1°for ¢ = 4%. The use of a hexagonal tube enhances the temperature of the fluid at the outlet relative to a
circular one. For copper and steel FPSCs, this increase is 2.67 and 1.75 °C for pure fluid, respectively. The

addition of NPs reduces the amount of heat transfer and Nu for the FPSCs.

Introduction

The fact that one day fossil fuels will run out on the one hand and the
Earth’s climate changes on the other hand has led different countries
around the world to find new sources of energy for themselves [1].
Energy issues are of great interest to researchers today [2-6]. Human
need for energy is inevitable and reliable energy supply is needed to
maintain human comfort. Researchers have also presented various ar-
ticles in this field [7-10]. Researchers in some of these articles have been
looking for a suitable solution to reduce energy consumption of various
devices. With regard to environmental issues, however, some re-
searchers have sought different solutions to extract energy from natural
and clean sources such as wind energy, sea waves, geothermal and etc.
These energy sources are free and do not contain environmental

pollution from fossil fuels. They are also endless resources and are
renewable. Meanwhile, solar energy as a source for future human energy
has been considered by many researchers [11,12]. The enormous source
of this energy and its infinity on the one hand, and its easy extraction
and availability in most parts of the earth on the other hand, has caused
many developed countries in the world to invest in this energy [13,14].
Flat plate solar collectors (FPSCs) have always been one of the solar
devices that researchers have always considered due to their comfort-
able construction and ability to make hot water required for home use
[15-17]. These collectors are typically made by placing a tube on an
absorbent plate. So far, many researchers have studied FPSCs [18-20].
Most of these researches have been looking for a solution to increase the
thermal efficiency of the collector and have tried to increase the tem-
perature of the fluid leaving the collector [21,22]. Sharafaldin and Grof
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Fig. 1. Schematic of the FPSC.

[23] in a study investigated the effect of flow rate on the efficiency of a
FPSC. They used a parallel plate collector for their work. Their findings
showed that increasing the flow rate increases the collector efficiency.
Laboratory methods for research have been used by many researchers
due to their high accuracy and reliability. But because of the high cost as
well as the time-consuming, it has also maked problems for researchers.
Therefore, researchers have used different numerical methods for their
articles [24-28].

Nanotechnology is used in a wide range of engineering devices today
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[29,30]. In recent decades, researchers have used nanofluids (NFs) in
heat exchangers [31-33], chambers [34,35], solar panels [36,37], etc.
NFs are composed of one or more metallic or non-metallic nanoparticles
(NPs) in liquids such as water, ethylene glycol, etc. [38,39]. This mixture
has better thermal conductivity and at the same time higher viscosity in
most cases than its base fluid [40-43]. Therefore, researchers have
sought to find the right volume percentage of nanoparticles so that they
can have the highest heat transfer at the lowest pressure drop. One of the
applications of NFs is in solar collectors [44,45]. Many researchers have
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Fig. 2. Schematic of how to use the FPSC in the solar cycle.



used solar collectors containing different NFs and measured its effect.
[39,46] Among these, some researchers have investigated the effect of
using NFs containing NPs with different shapes in different heating de-
vices. In one of these studies, Yan et al. [47] investigated the effect of
using different NPs on heat transfer. They found that the use of NPs with
different shapes has an important effect on heat transfer. Dehaj and
Mohiabadi [44] investigated the efficiency of a solar collector in a lab-
oratory research. They used MgO-water NF as the working fluid of the
system. They studied the effect of mass flow rate and volume percentage
of NPs on solar collector efficiency and found that increasing the flow
rate improves thermal performance. The addition of NPs also increased
the thermal performance of the collector compared to the working fluid
state of water alone. Also, increasing the volume percentage increased
the performance.

The number of solar energy consumers in the world is increasing
every day. The safety and cleanliness of this energy is one of the
important characteristics of increasing the use of this energy. FPSCs are
one of the types of solar devices that are used for solar water heaters in
many homes. Due to the importance of thermal efficiency in collectors,
in this paper, a FPSCs with the presence of NF containing NPs with
different shapes in different flow rate is investigated. Hexagonal pipes
have been used to make the collector. For fabrication also two materials
of steel and copper have been used to make pipes and absorbent plate.
The values of Nusselt number (Nu) for both collector materials have
been compared with each other. Finally, by changing the mass flow rate
of NF and its volume percentage for different shapes of NPs, the Nu, heat
transfer coefficient and temperature of the fluid leaving the collector
have been studied. The innovation of the present work can be summa-
rized in the study of NF turbulence flow in the collector with two types of
pipes with two different materials.

Problem description

As shown in Fig. 1, the geometry includes a FPSC with hexagonal
tubes. The NFs flow with boehmite-alumina NPs suspended in ethylene
glycol/water (50/50) flows in the FPSC tubes. A schematic of the ge-
ometry is also given in Fig. 1. The dimensions of the studied collector are
99.8 cm by 48.6 cm. The pipes are placed in parallel in the collector as
shown in Fig. 1.

FPSCs are made of copper or steel. The thermal conductivity of
copper is 401 and steel is 43 W/mK. Their relative roughness values are
0.0004 and 0.006, respectively. Fig. 2 shows how to use the FPSC in the
solar cycle.

Governing equations

The governing equations of a homogeneous Newtonian and incom-
pressible NFs turbulent flow are expressed as follows using the k-o SST
model [48]. Gravity and viscosity loss are also neglected.
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where C,, is the specific heat capacity of the fluid, T is the fluid tem-
perature, p is the density, p is the fluid pressure, x; is the Cartesian vector
coordinate, u; is the partial velocity, u is the dynamic viscosity, and §; is
the Cranker delta.

Based on the conventional k-0 model [50], Menter [49] created the
k-0 SST turbulence model. This model may be used to simulate turbulent
flow with a low Reynolds number [51-54]. Zhang and Che [55] studied

various turbulence models for winding tubes and ducts and found that
the best model that is consistent with the experimental results is the k-0
SST the Reynolds number is not too large. Therefore, in this article, this
model is used. Its equations are as follows:
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where [56]:
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The values of p and F; are also defined as follows [56]:
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Eddy viscosity is also obtained from the following equation [56]:
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where Q = /2Q;Q; is the vorticity [57]. The values of F, and Q; are:
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where y is the distance from the current surface to the next [56]. The
following is the definition of h and Nu [56]:
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1 is the tube’s hydraulic diameter, and k denotes the NFs’ thermal
conductivity.

NFs properties

The properties of boehmite- alumina/water-EG NFs are discussed
[58]:
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Table 1
Constants for different shapes of nanoparticle [58].
Cx Ay Ay
Platelets 2.61 37.1 612.6
Blades 2.74 14.6 123.3
Cylinders 3.95 135 904.4
Bricks 3.37 1.9 471.4
Table 2
Thermophysical properties of NPs and base fluid [58].
Property Cp(J/kg.K) k(W/m.K) pkg/m3) u(kg/m.s)
Water/EG 3300 0.3799 1067.5 0.00339
AIOOH 618.3 30 3050 -
kl’lf
4 Cep 8)
kw-kc

The values of constants are given in Table 1.
Table 2 lists the characteristics of the base fluid and NPs, and Fig. 3
depicts a schematic of NP form.

Boundary conditions

Homogeneous and Newtonian NFs enters the FPSC tube at a constant
velocity and exits at a constant pressure. The relative output pressure of
the FPSC is 0 Pa. A constant heat flux of 500 W/m? is applied to the FPSC
by solar radiation. The no-slip boundary condition is imposed on the
walls.

Numerical method, grid study, and validation

Numerical methods have a wide range of applicants from micro-
fluidic [59,60] to nanofluid and even solar systems to reduce the cost of
experiments. The volume control approach is used to solve the NFs
turbulence flow equations. The equations are linearized using the
second-order method, and the equations are coupled using the SIMPLE
algorithm. Finally, boundary conditions are used to model the geometry
using ANSYS FLUENT software. The problem is modelled using the en-
ergy equation, the turbulence equation, and solar radiation. The
approximate time of each solution performed according to the mesh
with a home system including CPU i7 6meg cash and 8DDR4 RAM was
between 80 and 100 min.

The influence of the number of elements on the outcomes is inves-
tigated using various simulations. When the FR is 0.25 kg/s, Table 3
shows the influence of the number of components on the water outlet
temperature. The reference grid can be chosen from 3.8 million com-
ponents based on the results of Table 3. The number of elements has
been rounded and stated.

The results of this article are compared to the results of other relevant
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articles in order to assess the simulations’ accuracy. One of these com-
parisons is done with the article published by Saffarian et al. [61]. This
article simulates 3 types of solar FPSCs. In this regard, the Nu is
compared with the reference paper [61] (Table 4), indicating low values
of error percentage between the two works. The highest error between
the present work and the reviewed article was 2.3%.

Results and discussion
Fig. 4 demonstrates NFs TCouyr with different shapes of NPs for

different values of ¢ when the FR is 0.25 kg/s for the copper FPSC. It can

Table 3
The influence of the number of components on the water outlet temperature at a
FR of 0.25 kg/s for both tube types.

Number of elements (million) 1.5 2.7 3.2 3.8 4.3
Cu 311.2 309.6 308.8 308.2 308.2
St 310.5 308.5 307.1 306.3 306.3

Table 4
Nu variations for different Reynolds numbers obtained from the present work
and Ref. [61].

Re 2500 5000 10,000 15,000 18,000
Ref. [59] 24.41 47.67 94.18 130.23 165.11
This work 24.28 47.16 92.58 127.11 162.58
Error 0.5% 1.0% 1.6% 2.3% 1.5%
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Fig. 4. NFs TCoyr with different shapes of NPs for different values of ¢ when
the FR is 0.25 kg/s for the copper FPSC.
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Fig. 5. NFs TCoyr with different shapes of NPs for different values of ¢ when
the FR is 0.25 kg/s for steel FPSC.
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Fig. 6. Water-EG outlet temperature for different FR s in copper and steel
FPSCs with circular and hexagonal tubes.

be seen that the addition of NPs causes an increase in the fluid outlet
temperature. Initially, with the addition of 1% of NPs, the amount of
TCouyr enhancement is equal for all shapes of NPs. For ¢ > 1%, brick-
shaped NPs have the maximum amount of TCoyr and the platelet-
shaped NPs have the minimum TCoyr. Blade-shaped NPs lead to
higher outlet temperatures than cylinders. The maximum increment in
TCour is obtained when ¢ = 4%, which is slightly less than 1 K.

Fig. 5 illustrates NFs TCoyr with different shapes of NPs for different
values of ¢ when the FR is 0.25 kg/s for the steel FPSC. The addition of
NPs enhances the amount of fluid temperature at the output. Brick-
shaped NPs are the most effective and platelet-shaped ones are the
least effective NPs on the fluid outlet temperature. It can be seen that the
effect of adding NPs in a steel FPSC is less than that of a copper FPSC, i.e.
the temperature at the outlet is changed less. It is generally seen that
using a copper FPSC can provide a fluid with a higher outlet temperature
than a steel FPSC so that the copper FPSC results in a 1.86 K warmer
fluid than the steel FPSC. This temperature difference for brick-shaped
NPs reaches 2.15 K when ¢ = 4%. The higher thermal conductivity of
copper results in better heat transfer than that in the steel FPSC.

Fig. 6 demonstrates water-EG outlet temperature for different FR s in
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Fig. 7. FPSC h for NFs s with different nanoparticle shapes, different values of ¢
at a FR of 0.25 kg/s in the copper FPSC.
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Fig. 8. FPSC h for NFs with different nanoparticle shapes, different values of ¢
at a FR of 0.25 kg/s in steel FPSC.

copper and steel FPSCs with circular and hexagonal tubes. An increment
in the FR in all cases reduces the temperature of the water-EG. An
enhancement in the FR means the faster motion of fluid in the tubes, and
as a result, the time for heat transfer is reduced and the fluid exits the
FPSC at a lower temperature. It can be seen that the copper FPSC de-
livers water-EG with a higher outlet temperature than the steel FPSC.
The use of a hexagonal tube in both FPSCs enhances the amount of outlet
temperature compared to the circular tube. In the case of copper FPSC at
a low FR, the use of hexagonal tube increases the outlet temperature by
2.67 K compared to the tube with circular cross-section. Also, this
increment in steel tube is 1.75 K lower at the same FR. At high FRs, the
effect of using a tube with a hexagonal cross-section is less noticeable,
but it still enhances the temperature at the outlet.

Fig. 7 depicts FPSC h for NFs with different nanoparticle shapes,
different values of ¢ at a FR of 0.25 kg/s in the copper FPSC. It can be
seen that the use of NFs instead of the pure fluid reduces the amount of h,
which is lower for brick-shaped NPs and higher for platelet-shaped NPs
than other ones. The higher the value of ¢, the lower the h. This is due to
an increment in the viscosity by adding NPs and especially a reduction in
the heat capacity of the fluid by adding NPs.
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Fig. 9. Nu for different shapes and percentages of nanoparticle when the FR is
0.25 kg/s for the copper FPSC.
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Fig. 10. Nu for different shapes and percentages of nanoparticle when the FR is
0.25 kg/s for steel FPSC.

Fig. 8 shows FPSC h for NFs with different nanoparticle shapes,
different values of ¢ at a FR of 0.25 kg/s in steel FPSC. It is found that the
h is reduced with the addition of NPs. The highest reduction is for the
platelet-shaped NPs and the lowest reduction is for the brick-shaped
ones. Adding 4% of the platelet-shaped NPs reduces the h by 53%.
Comparing the two types of FPSC s demonstrates that the steel FPSC has
a higher h than the copper one.

Fig. 9 depicts Nu for different shapes and percentages of NPs when
the FR is 0.25 kg/s for the copper FPSC. It can be seen that an increment
in the value of ¢ reduces the amount of Nu. The highest reduction and
the smallest reduction correspond to brick-shaped and platelet-shaped
NPs, respectively. The smallest reduction is related to ¢ = 4% for
blade-shaped NPs with a 33% reduction in the Nu.

Fig. 10 shows the Nu for different shapes and percentages of NPs
when the FR is 0.25 kg/s for the steel FPSC. The variations of Nu with ¢
for the steel FPSC are the same as those for the copper FPSC. It can be
seen that the values of the Nu for the steel FPSC are more than the copper
FPSC. The addition of 4% blade-shaped NPs leads to a reduction in the
amount of Nu by 35%. The decreasing effect of adding NPs on Nu in steel

FPSC is more than the copper FPSC.
Conclusions

In this paper, the turbulent flow of NFs in which boehmite-alumina
NPs with different shapes are suspended in a mixture of water/EG in a
FPSC. Also, the effect of using a hexagonal tube is compared with a
circular cross-section tube. The impact of the value of ¢ and fluid ve-
locity on outlet temperature, h, and Nu are studied and the following
results are obtained:

1. The addition of NPs to the fluid enhances the outlet temperature of
the fluid. The nanoparticle shape has the highest enhancement in
outlet temperature and the platelet-shaped NPs have the lowest
increment in outlet fluid temperature.

2. The use of the solar FPSC made of copper compared to the steel FPSC
results in a higher output fluid temperature.

3. An enhancement in the FR reduces the amount of fluid outlet
temperature.

4. Using a tube with a hexagonal cross-section enhances the outlet
temperature of the fluid compared to a circular one so that the
temperature in the copper and steel FPSCs enhances by 2.67 K and
1.75 K, respectively.

5. The addition of NPs reduces the amount of h and Nu in both FPSCs,
which is the largest reduction for platelet-shaped NPs.

6. The h and Nu for the steel FPSC is more than the copper FPSC.
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