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Solar collectors are systems for absorbing the sun's radiant energy and converting it into
heat. The working principle of solar collectors are relying on the solar radiation incident
upon the transparent surface, and the collected radiation heat is stored within the operating
fluid. However, the conventional operating fluid is less than satisfactory in term of
promoting the thermal efficiency of solar collector. Consequently, the aim of this paper is
to investigate the use of nanofluid as an operating fluid in a single end evacuated solar
collector. The expectation is that the flow behavior of nanofluid can lead to the
improvement of thermal efficiency of solar collector. The design of solar collector is
carried out using Gambit software and the heat transfer characteristics are simulated by
nanofluid flow with 1%, 3% and 5% volumes by ANSYS Fluent software. The results
demonstrate good agreement with existing experimental results. The numerical analysis
shows the improvement of collector performance compared to pure water fluid. The results
show that by increasing the nanoparticles volume fraction the efficiency of the collector

improves significantly.

1. INTRODUCTION

Throughout Energy production from fossil fuels such as oil,
gas and coal cause negative effects on the environment,
including greenhouse gas emissions and subsequently climate
change as a result of global warming. Many research
literatures have highlighted that an alternative source of
sustainable energy is essential [1]. One of the most reliable and
sustainable sources of energy is solar energy which is the most
accessible and cleanest renewable energy source. Only 14.4%
of the sun's radiation passes through the earth's atmosphere,
yet this amount is about 2800 times more than required energy
supply [2]. This absorbed energy can be converted and used in
two ways: 1- Conversion of the test energy into electricity by
photovoltaic cells 2- Conversion of radiant energy into heat by
solar collectors. Nowadays, many researchers are trying to
further develop these two existing technologies in order to
provide a greater share of the human energy needed from this
inexhaustible and clean source [3]. Since the advent of solar
collectors, one of the major challenges for designers and
builders has been to improve the efficiency and thermal
performance of solar collectors. Parameters that influence the
performance of the collector include the geographical location
of the installation, the angle of the collector relative to the sun,
and the type of material used in making the collector. One of
the most important parameters is the use of operating fluid
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with higher heat transfer capability. The most common
operating fluid used in solar collectors has been water which
has a low heat transfer coefficient and is also more likely to
freeze in the winter. Researchers have conducted many
experiments on other fluids as coolant, such as nanofluids. The
investigation is focused on heat transfer of various nanofluids
in relation to geometry aspects of heat exchangers. Since early
2012, improved heat transfer rate by flat plate collectors has
been studied by many researchers. Yousefi et al. [4-6] have
conducted extensive experiments on this topic, including the
impact of different types of nanofluids and the thermophysical
properties of nanofluids on their work, and new knowledge has
been established in this field. Yousefi et al. [4] investigated the
effect of acidic nano-fluid changes on flat plate collector
efficiency, whose findings show that more acidic nano-fluid
increases collector efficiency. In 2014, Moghaddam et al. [7]
investigated the thermal recovery of the collector and
indicated an increase of 16% using copper-water nanofluid
with a volume percentage of 0.4% and particle size of 40 nm.
In 2015, Faizal et al. [8] observed an increase of the collector
efficiency up to 23.5% using silicon oxide nanoparticles at a
volumetric ratio of 0.2%. They also illustrated the capability
of the reduction in power consumption up to 280 MJ. One of
the prior researches on the use of nanofluids in heat pipes was
published by Chien et al. [9] in 2003. Lu et al. [10] were
probably the first to investigate the use of nanofluids in solar
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collectors with evacuated tubes. The following is an overview
of the research on evacuated tube collectors, as illustrated in

Table 1.

Table 1. Summary of previous researches on evacuated tube solar collectors used in water heaters

Type of
(1&}:::1]:1‘]’ Sit]l:::()i’) evacuated tube Objective Results
£ (ETCS)

Morrison et al.
Experimental
numerical simulation
(Water)

[11].

and

single-ended
evacuated tubes

simulation of flow rate in-glass evacuated
tube solar water heater

good agreement between the experimental
observations and the numerical simulation.

Hayek et al. [12].
Numerical simulation

single-ended
evacuated tubes

Investigation of evacuate tube solar

collector using CFD analysis

The performance of the collector improves
with the change of pipe connection to the

(Water) tank.

Ayala et al. [13]. solar collector Numerical study of a low temperature BA model estimate is a stronger model for

Numerical simulation consists of 36 water-in-glass evacuated tube solar simulating a low temperature evacuated tube

(Water) evacuated tubes collector filled with glass water.

Ghaderian et al. [14]. single-ended Performance of copper oxide/ distilled water The solar collector with water nanofluid -

Experimental evacuated tubes nanofluid in ETSC water heater with copper oxide at concentrations of 3% and 6%

(Copper Oxide-Water) internal coil under thermosyphon system increases nanofluid efficiency compared to
circulations water

Mahendran et al. [15]. single-ended Performance of evacuated tube solar The collector efficiency increased by

Experimental evacuated tubes
(water-based

oxide nanofluid)

titanium nanofluid

collector using water-based titanium oxide

16/75% compared to pure water.

.M. Mahbubul etal [16]. ETCS Carbon nanotube nanofluid in enhancing the  Up to 56.7% and 66% of efficiencies are
Experimental efficiency of evacuated tube solar collector ~ observed when the collector is operated with
(Carbon nanotube) water and 0.2 vol.% nanofluid.

Gholamabbas Sadeghi et ETCS performance of evacuated tube solar By 0.08 volume fraction of nanofluid, the

al. [17].
Experimental
numerical simulation
(Cu0/ distilled water

collectors
and

with parabolic concentrator,
applying synthesized
CuxO/distilled water nanofluid

energy and exergy efficiency were enhanced
10% and 12.7%

nanofluid)
There have been numerous numerical/experimental
researches developed for heat transfer enhancement

techniques in energy systems [18-21]. It seems that the
available literature needs more support of authentic data in
regards to the nanofluids application in thermal efficiency of
energy systems including solar collectors [22-27]. In present
study, nanofluid (Al,O3) as an operating fluid in a single end
evacuated solar collector has been analyzed and evaluations
are conducted as numerical simulation using ANSYS Fluent
Software.

2. NUMERICAL MODELLING

The geometry of the present solar collector has been shown
in Figure 1. The collector consists of a cylindrical tank and a
glass tube attached to it. The cylindrical tank is insulated. As
the sun shines through the glass tube and the temperature
changes, resulting in a change in the density of fluid, it causes
free movement in the system and fluid rotation. The glass tube
portion consists of two glass walls that are vacuumed in space
between them to prevent the loss of heat transfer. For
validation of our results, we consider the experimental
research of solar collector using water as fluid evaluated by
Tang et al. [28]. A water solar collector was considered in their
study and we will extend their research considering nanofluid
as working fluid in the solar collector to investigate the effects
of nanofluid heat transfer enhancement. In our analysis, we
assume that the nanoparticles are distributed homogeneously
in the fluid whereby a single-phase approach model
(homogeneous model) is used. Thus, the diameter of the
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cylindrical tank is considered 30 cm and the inner glass tube
is 180 cm long and 43 mm in diameter. The outer diameter of
the inner glass tube is 47 mm and the outer diameter of the
outer glass tube is 58 mm. The thickness of both glass tubes is
2 mm and the space between them is vacuum.

plan

(svmumetry) = wall

—

Figure 1. The geometry and boundary conditions of the solar
collector

Reservoir walls do not receive any solar energy, and the
sun's radiation energy is only transmitted through glass tubes.
The walls of the tubes were evaluated in two equal parts, top,
and bottom. Tank side is closed and adiabatic. Both glass tubes
are identical and have a density of 2230 (kg/m?), a thermal
conductivity of 1.14 (W/m.K) and a specific heat capacity of
1200 (J /kg.K). The coefficient of passage of the glass tubes is
0.91 but the inner glass is coated with an absorbent material



with an absorption coefficient of 0.907. Our results will be
calculated for the case of water in four sections (points) inside
collector to compare with the experimental results done by
Tang et al. [28]. These points are located 1.5 mm from the
inner glass tube wall. Figure 2 shows schematically the
location of these points in the solar collector. As seen, the cold
water enters the solar collector at point 1, reaching to the end
of the tube at point 3 and finally warms up until the point 4.

7 5 '{_\\
'\"-\ J:]’;
Tea

Elementary section of the mbe

Mid-saction of the tubs

End zection of the tube

Figure 2. Position of dots and sections in solar collector

The fluid flow inside the collector is assumed to be single
phase. The numerical analysis is performed solved by CFD
method using Fluent software. As explained, the results will
be investigated for two different working fluids. For validation
of our results with pervious experimental works pure water
will be considered. In the next step, the effect of nanofluid
flow will be evaluated and water-aluminium oxide nanofluids
with different concentrations will be analysed. The water
properties considered in this study are illustrated in Table 2.
The basis of water circulation in the solar collector is the
buoyancy effect and natural convection heat transfer. Tablel
gives the data on water properties from 10°C to 90°C. These
properties for water will be incorporated in the ANSY'S Fluent
software for numerical analysis.

Table 2. Water properties at different temperatures

T(°C)p (kg/m*)u (kg/m s)Cp (J/kg K)k (W/m K)

10 999.7 0.001307 4188 0.5674
20 9982 0.001002 4183 0.5861
30  995.7 0.0007977 4183 0.603
40 9922 0.0006533 4182 0.6178
50 988 0.0005471 4181 0.6305
60  983.2 0.0004666 4183 0.641
70 977.8 0.000404 4187 0.6495
80  971.8 0.0003545 4194 0.6562
90  965.3 0.0003145 4204 0.6613

Since the test area and geometry are closed and there is no
inlet and outlet discharge, so we define the efficiency for this
collector as follows.

_ me. Cp' (th - Tinitial)
- t
AC' fo Gt

Ne (1

In the above relation, m. is the weight of water in the
collector which is about 9.5 kg. C, is the specific heat that is
different for pure water with nanofluids. T is the average
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collector temperature until t. Tinisiat The initial test temperature
is 23°C. A. is the area of absorption of the glass tube. Gy is the
total radiation at time t, which is the direct and indirect
radiation distribution that was shown in the previous sections
of their distribution chart throughout the day. Finally, 1 is the
collector efficiency. The simulation of nanofluids is performed
as a single-phase homogenous fluid. In this study, aluminum
oxide nanoparticles (Al,O3) with 1%, 3% and 5% volumetric
concentrations are used as working fluid. The numerical
solution of this state is solved in single phase and the fluid
properties including density, thermal conductivity, specific
heat and viscosity are applied for nanofluid properties. First,
we define the volume concentration (¢), which is the ratio of
the volume of nanoparticles to the total volume of nanofluids
obtained by the following equation.

Vp + V¢

@ 2

In the above relation, v, is the volume of nanoparticles and
vr is the volume of fluid. The density value is obtained from
the following equation [29].

Pnr = Ps@ + ppe* (1= @) (©)
The above relation is pnr nanofluid density, ps nanoparticle

density and ppr base fluid density. The value of nanofluid
thermal conductivity is calculated from [30]:

kg + 2Kps + 20 (ks — kyp)

k.s=k
T kg + 2k — @ (kg — kpp)

“

In the above relation knr is the thermal conductivity
coefficient of nanofluid, ks the thermal conductivity
coefficient of nanoparticles and kir is the base thermal
conductivity coefficient. The specific heat capacity will also
be calculated as follows [29]:

Copp = Co @+ Cppx (1 — @) )
This is related to the specific heat of the nanofluid, the

specific heat of the nanoparticles and the specific heat of the
base fluid. The nanofluid viscosity is considered as follows:

1
Hnf = Ubf[m] (6)

Following are the fundamental equations of the problem
solved numerically. The equation of mass continuity is:

o (7

+ V.(pV) = S,

where, p is the density of water, v is the velocity in three
directions and Sy, is the mass source, which is zero in this study.
The momentum equation is considered as:

0 o
a(p7)+v. (pW) = -Vp+V.T+pg+F (®)

where, p is static pressure, T is the shear stress vector, pg; the
force of gravity and F is the external force as well. The heat
transfer is solved by the following energy equation.



% (pH) +V.(V(pH +p)) = —V.(kVT+TV)+Sy  (9)

where, H is energy including enthalpy, potential and kinetic
energies, and Sy is the source in the energy equation. It is
important to note that in the collector pipe section the
tetrahedral mesh is considered and the hexahedral mesh is
applied in the tank section. The meshing at the pipe connection
to the tank has been fine-grained due to the complexity of the
geometry. All mesh sections are done by Gambit software.
Figure 3 provides an overview of the meshing in the solution
domain.

Figure 3. Exterior and inner section of solar collector
stamping

The total number of cells used for meshing is about 465,000
cells, of which about 200,000 are hexahedral. ANSYS Fluent
15 software was used for numerical analysis. It is a pressure-
based solver and the problem will be transient due to the
changes in the angle of the sun during the day (8 am to 5 pm).
Fluent software has a program called solar ray tracing that
calculates the motion of the sun in terms of geography and
local time, and the intensity of the radiation must also be
entered by the user. The DO model was used to solve the
radiation. The sun should also start at 8 o'clock in the morning.
For boundary conditions (as shown in Figure 1), the inner and
outer walls of the collector glass tube and the lateral cross-
section of the reservoir are considered as wall. For the side
walls of the tank, the boundary symmetry condition is used.

3. RESULTS AND DISCUSSION

For the validation of our results compared with Tang et al.
[28] for the case of water as working fluid, the geographical
location of the study is considered Yunnan Normal University
which is 25.03 degrees north and 102.6 degrees east. The
average water temperature in the collector at the beginning is
23°C. The position of the evacuated tube is 46° and the
azimuth angle is 9 degrees. The sun's rays emit to the outer
tube, where a fraction of these emissions penetrate into the
inner glass tube, passing through the vacuum, which is coated
with an absorbent coating. The dominant fraction of the rays
absorbs this layer and converts to heat flux. This heat flux is
transferred to the water inside the collector and causes water
to heat. As a result, the natural convection heat transfer will be
occurred inside the solar collector to circulate the working
fluid. In our simulation, each transient numerical solution,
lasted from 8 am to 5 pm for about 6 hours. The diagrams of
direct and indirect radiation are presented in Figure 4. It is
clear that, the direct radiation means sunlight in clear,
cloudless air, and indirect radiation is referred to as sunlight in
cloudy weather. The sum of which is equal to the total
radiation intensity.

Figure 5 shows the temperature changes at point 1 (refer to

Figure 2 for location) throughout the day whereby the
numerical results are compared with the experimental results
done by Tang et al. [28]. This point is where the water enters
the evacuated tube. The 8 o'clock in the morning the
temperature is about 23" degrees Celsius, which is also the
beginning of the modelling process, with the approach of 12
o'clock the temperature gradient increases and the temperature
reaches about 45° degrees. After 12 o'clock the slope of the
temperature drops but the highest water temperature occurs at
17 o'clock in point 1. In this graph the simulated temperature
is compared with the actual temperature from 8 am to 5 pm.
The average numerical resolution error is about 3% relative to
the experimental values.
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Figure 4. Distribution of direct and indirect sunlight during
the day [28]
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Figure 5. Comparison of actual temperature with numerical
simulation temperature at point 1

Figure 6 shows the temperature changes at point 2 (see
Figure 2) during the day. This point is located in the middle of
the vacuum tube downstream. The average CFD numerical
solution error is about 4% compared with the experimental
results done by Tang et al. [28]. A seen, the slope of
temperature drops after 12 o’clock reaching to a constant value
after 16.
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Figure 6. Comparison of actual temperature with numerical
simulation temperature in point 2



Figure 7 shows the temperature changes at point 3 during
the day. This point is located at the bottom of the vacuum tube.
In this graph the temperature is evaluated from 8 to 17 o'clock.
The average numerical resolution error is about 7% relative to
the previous experimental data. Increasing the percentage of
error in  numerical simulation over experimental
measurements at point 3 can be explained for several reasons.
This location is placed at the end of the tube and due to the
decrease in the fluid velocity and reverse direction of the fluid,
the pressure increases and the percentage of error could be
increased.
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Figure 7. Comparison of actual temperature with numerical
simulation temperature at point 3

Figure 8 shows the temperature changes at point 4
throughout the day and the numerical solution results are
compared with the experimental results done by Tang et al.
[28]. In this graph the simulated temperature is compared with
the experimental temperature from 8 to 17 o'clock. The
average numerical resolution error is about 5.3% relative to the
actual values. As seen, the temperature increases by the
parameter of time reaching to its maximum value at Spm.
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Figure 8. Comparison of actual temperature with numerical
simulation temperature at point 4

Figure 9 shows the average total water temperature in the
vacuum tube and collector during the day. As it turns out,
water starts to warm up to 23 degrees Celsius and rises steeply
up to about 17:00 (5: 00p.m).

In addition, the velocity at these points is obtained by
numerical solution for the case of water flow. The comparison
of velocities at four points during the day is given in Figure 10.
In each of the four sections (points), the velocity reaches its
maximum value from zero at about 10 to 12 o’clock. This
increment can be seen to be higher for the points 1 and 2. The
reason for the increase of velocity for all points would be the
warming of water and the heat exchange from hot and cold
fluids by natural convection heat transfer. The buoyancy effect
can move the working fluid inside the solar collector forward
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leading to the fluid flow circulation. The fluid velocity at point
1 and 2 is higher than at other points due to the slope of the
pipe and the predominance of gravity. At point 3, as mentioned
in the preceding section, the velocity decreases sharply due to
the change in the direction of fluid flow. The point 3 can act
as stagnation point reaching to the higher pressure at the end
of the tube. Point 4 is the point where hot fluid enters the
reservoir, which also slows down due to fluid entering a larger
Cross section.

80 -
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(co)T 40

20

0 ! T T T T T 1
8 9 10 11 12 13 14 15 16 17

Hours

Figure 9. Average water temperature during the day
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Figure 10. Velocity variation at different points throughout
the day

Velocity distribution in the middle section of vacuum tube
at 11 am is illustrated in Figure 11. As shown in this figure,
the velocity inside the tank is negligible but there are two
zones at the top and bottom of the tube section with high
velocity fields. The temperature difference between the cold
and hot areas leads the fluid moves by natural convective heat
transfer with an increased velocity profile. Consequently,
around the upper and lower walls of the collector tube, there is
a narrower layer of higher velocity fluid that moves along the
tube and away from the storage tank.

P

Velocty
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i 1.830e-002
16476002
1 1.4840.002
| 1.2810-002
| 1.0080.002
| [ 91500003
7.3200-003
1 5490000
36600003
I 1.830e-003
0.0006+000
ms-1]

v

Figure 11. Velocity distribution in the middle section of
vacuum tube at 11 am

For further study, the vectors are shown in Figure 12. As
shown, a circulation is placed at the junction of the vacuum
tube and the storage tank, due to the shift between hot and cold
fluid. The slow movement of the cold fluid from the bottom of



the reservoir to the open mouth of the pipe and the lower half
of the pipe while the hot fluid enters the upper half of the pipe
and its movement in the upper part of the reservoir causes this
rotational flow. The buoyancy phenomenon related to the
convection heat transfer is caused by the difference in density
between the cold and hot fluid, which results in the hot fluid
with lower density at the top and the cold fluid with higher
density at the bottom of the tube.

Figure 12. Show motion vectors in the mid-section of the
collector and vacuum tube at 11 am

In Figure 13, the distribution of temperature is shown in the
middle section of the tube. It is obvious that by moving the
fluid toward the closed end of the vacuum tube, the
temperature increases as it receives more solar energy
reaching to the highest fluid temperature at the end of the tube.
The reason is due to the lowest fluid velocity at the end of the
tube leading to the highest pressure and temperature
distribution. However, at the end of the pipe, due to the steep
slope of the collector tube and the slow upward flow of fluid
flow, a low velocity volume appears which has a negative
effect on the collector performance. This negative effect can
increase the thermal losses of the solar collector, which can be
reduced by modifying the slope of the collector.

Temperatun
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31830002
F 3184ee002
1 3rasee002
3135002

| 312500000
3118e+002

[ 31060002

I a0eTes00z
30800002
207Bee002

30060002
]

Figure 13. Temperature distribution in the middle section of
collector and vacuum tube at 11 am

Figure 14 shows the distribution of solar heat flux absorbed
by the inner glass tube at different times of the day. As seen,
the intensity of radiation at 11 o’clock is considered highest
among other hours. It is also shown that as time passes and the
sun moves in the sky, the maximum absorbed heat flux is at
the top of the tube at about 9 pm. As time passes and the sun

1267

rotates, the absorbed flux gradually moves down the tube, and
as it approaches 17 o'clock, the absorbed heat flux decreases.
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Figure 14. Distribution of heat flux absorbed by inner tube
during the day

In Figure 15 the velocity distribution in the mid-section of
the solar collector at 9, 11, 13, 15 and 17 is compared. As seen
at 9 am, the fluid velocity in the solar collector is much slower
than other hours due to the low solar radiation energy leading
to minimum absorption of energy. As a result, the natural
convection heat transfer is decreased and the velocity fields
drops. As the sun rises and the angle of inclination of the sun
shines at 13 o'clock, the velocity in the tube increases, and this
increment continues until 15 o'clock. By observing the
velocity distribution inside the tube, especially near the upper
and lower wall of the tube, this figure indicates that with
increasing daylight hours again, the fluid velocity slowly
decreased about 17 o’clock. In general, the velocity in the tube
depends on the intensity of the radiation during the day, which
is maximum during the hours 11-14.
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Figure 15. Distribution of velocity at mid-day collector

By calculating the properties of the nanofluids according to
the previous section and inserting them into the fluent software,
we perform the simulation for nanofluid flow and heat transfer



case. Figure 16 shows the average daily water collector
temperature for pure water and three aluminium oxide
nanofluid models with different particle concentration. This
figure indicates that an increase of nanofluid volume particle
concentration tends to increase the temperature distribution. It
is seen that the temperature of the pure water inside the
collector starts to rise with a gentle slope, with the highest
temperature in the range of 16 to 17 hr. The performance
temperature of the nanofluid collector increased with the
volumes mentioned above with a steeper slope and the higher
the concentration of nanofluid, the faster the collector reached
the higher temperature.
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Figure 16. Comparison of mean water temperature
distribution for pure water and nanofluid

Figure 17 illustrates the velocity contours in a tube collector
for pure water and nanofluid at concentrations of 1%, 3% and
5%. Comparing the velocity distribution in the collector
midrange at 1lam, it indicates that the fluid velocity for the
nanofluid increases with increasing particle concentration
resulting in an increase in density.
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Figure 17. Velocity distribution for pure water and
nanofluids at 11am

In Figure 18 the temperature distribution at 11 am in the

middle of the collector for water and three nanofluids is shown.

It is seen for all cases that the fluid flow in the lower half of
the tube is higher and the higher temperature is occurred at the
end of the tube which is closed. This is because of the lower
rotational velocity of the fluid that results in absorbing more
energy because of the stagnation point and highest pressure at
the end of the tube. As seen, the nanofluids with higher particle
concentration are able to increase temperature distribution
inside the solar collector. As observed, the upper side of the
collector has the highest temperature distribution in all cases
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since the velocity of the working fluid drops at the top side of
the collector leading a high temperature distribution.
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Figure 18. Temperature distribution for pure water and
nanofluid at 11 am

In Figure 19, the efficiency of evacuated tube solar collector
is illustrated for different working fluids. It is seen that as the
time increases the efficiency decreases. This reduction would
be significant for the case of pure water. It is interesting to note
that the nanofluids with higher particle concentration show
higher stability of solar collector efficiency during the day.
The graphs tend to be horizontal specifically for nanofluid
flow with highest particle concentration. It also concluded that
an increase in particle concentration of nanofluid shows an
increase in collector efficiency.
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Figure 19. Collector efficiency for pure water and nanofluids
throughout the day

4. CONCLUSIONS

It is This paper investigates the velocity and temperature
distribution in the evacuated solar collector numerically using
ANSYS Fluent software considering pure water and
nanofluids (Al,Os3). The results were compared with the
previous experimental researches and show good agreement.
The results indicate that as the nanoparticle concentration
increases, the fluid temperature in the collector increases. As
the concentration of nanoparticles increases, collector
efficiency also increases. It is concluded that solar collectors
using AlLOs; with higher particle concentration tends the
collector efficiency to be more stable during the day.
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