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Abstract

In this experimental study, a fixed three-dimensional solar collector with a hemispherical geometry has
been evaluated in accordance with ASHRAE standards. The solar collector features spiral tubes that
transport fluid from the inlet to the outlet with no riser. Pure water and Ag-water nanofluid at different
nanoparticle concentrations (0.1, 0.2 and 0.3%) and different flow rates (0.1 to 0.6 GPM) were tested under
different environmental conditions (temperature and radiation). The results show that the hemispherical
solar collector, owing to its geometry and the specific arrangement of its pipes in relation to the overall
surface area, exhibits promising thermal performance, making it a viable candidate for both domestic and
industrial deployment. The average increase in efficiency when switching from water to Ag-water nanofluid
was found to be around 11%, with the maximum efficiency (61.1%) attained at a nanoparticle concentration
of 0.3% and a flow rate of 0.6 GPM.
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1. Introduction

Easy and cheap access to solar energy has made it one of the most promising sources of renewable energy.
Solar energy can be divided into three main types based on their application: light, electric and thermal. In
solar thermal energy, the sun's radiant energy is transferred to an intermediate fluid such as water or air in
a device called a solar collector, and then this thermal energy is transferred to the desired location or
material. Solar collectors come in various forms, the simplest of which is the flat plate collector, which can
feature different designs and geometries [1-3]. If more heat could be transferred from the solar radiation
reaching the collector to the operating fluid, the efficiency and performance of the collector would increase.
Various factors can influence this, including the absorber geometry and materials, the characteristics of the
tubes transporting the operating fluid, the fluid type, coatings and various other factors. Increasing the
efficiency of flat plate collectors has been the subject of considerable research [4-6]. Saffarian et al. [7]
theoretically evaluated a flat plate collector in terms of its pipe arrangement and factors such as the pressure
drop, heat transfer coefficient and efficiency. These researchers showed that the use of a U-shaped pipe

arrangement can lead to better performance than other geometries [7].

Noghreabadi et al. [8] experimentally examined a three-dimensional solar collector with conical geometry.
The collector adsorbent was a conical shell in which the operating fluid pipes were connected to the
adsorbent in a spiral from the bottom to top. The results of this study showed promising thermal
performance and a maximum efficiency of 65% [8]. Moravej et al. [9] experimentally tested a circular flat
plate collector under the ASHRAE standard. In this collector, the pipes were woven in a spiral in the
absorber circle from the margin to the center of the circle, and after this path, the fluid exited in the center,
under the collector. The results of this study revealed a significant increase in efficiency, especially at high

fluid velocities.

Another effective way of increasing the efficiency of flat plate collectors, which has been widely studied
by researchers in recent years, is to use nanofluids instead of ordinary water as the operating fluid. Zayed
et al. [10] examined solar flat panel collectors operating with nanofluids for improved efficiency, and found
that the best nanofluid was copper oxide. In most studies, this nanofluid was used in the concentration range
of 0.25 to 2% and flow rates of 8.8 to 1 GPM, and the observed increase in efficiency was around 3.37 to
3.6%.

Sharafuddin [11] conducted an experimental study of solar collectors using water in three different
concentrations, with a nanoparticle size of about 40 nm, and showed that the efficiency can increase to
10.74%. Lee et al. [12] investigated the effect of the specific heat and photothermal conversions on solar

collector performance using modified carbon nanotubes (CD-CNTs) of B-cyclodextrin. Different



concentrations were used in different conditions, and the conclusion was that the specific heat capacity

increases by more than 9% for each 0.1% increment in concentration.

Sundar et al. [13] carried out an analysis of a flat plate solar collector with the use of nanofluids as the
operating fluid. Issues such as economic value due to dimensional reduction, heat transfer measurement
and collector efficiency were investigated in different wire winding models. The results showed that using
this model of coil wire reduces the dimensions of the solar collector by about 27.66% for water as the
working fluid, and by about 39.33% for water-alumina nanofluid at a concentration of 0.3%.

In another study, Moravej et al. [14] experimentally investigated the increase in efficiency of a square flat
plate solar collector using water, nanoparticles and titanium dioxide of the rutile type. The maximum
efficiency reported was around 78%. Sakhaei and Valipour [15] conducted an experimental study on the
thermal performance and heat transfer parameters of a flat plate solar collector featuring helical risers.
Mirzaei [16] experimentally examined the effect of nanofluid addition on the thermal performance of a flat
plate collector at different flow rates; a quadratic function was used to estimate the coefficient of
performance and loss coefficient. An efficiency increase of up to 80% was found at a flow rate of 4 LPM.

In the present research, we experimentally examine a flat plate solar collector with hemispherical geometry
and no riser. We designed and built this configuration, which features a zig-zag tube arrangement,
specifically for use in various conditions, including different temperatures and operating fluids such as
ordinary water and silver-water nanofluid. We focus on testing three different nanoparticle concentrations
based on the ASHRAE standard.

2- Materials and methods
2-1-Collector configuration

The collector used in this research is a fixed three-dimensional solar collector, which has a protruding
hemispherical absorber to which the tubes containing the working fluid are connected. The fluid inlet is
from the side and exits the collector after a spiral path. The glass cover of this collector is dome-shaped,
below which is an insulation plate. The technical specifications and features of the hemispherical collector,
including its dimensions and materials, are listed in Table 1. The ASHRAE standard was used to perform

the tests, and the laboratory layout and location of the equipment are shown in Figure 1.



Table 1 Specifications of the hemispherical solar collector

Parts Properties Values Units
Thickness 6 mm
Conduction coefficient 12.1 w/m.’c
Density 2200 g/cm?®

Glass Specific heat 670 Jikg.c

cover Reflection coefficient 0.0794 -
Absorption coefficient 0386.0 -
Diffusion coefficient 526.1 -
Area 1 m?
Conduction coefficient 4.80 w/m.’c

Absorber  Specific heat 10.25 J/kg.°c
Density 87.37 g/cm?®
Absorption coefficient 9.0

Piping Copper pipe 9.6 mm
Polyester wall insulation 20 mm

Insulation  nsy1ation of the bottom 20 mm
plastofoam

11 12
6 > 4 3
\VAR S VAR#Z0\
A ol A SV
1 Hemispherical collector 5 Rota meter
2 Tank 6 Control valve
3,12 Water pump 7,89 Thermocouples
4,11 Flow valves 10,14 Pressure gauge
15 Sun 13 Data logger

Figure 1 Experimental configuration
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Figure 2 is a photograph of the experimental setup, which includes a hemisphere solar collector at the test
site in Payame Noor Aghajari University. Experiments were performed in different conditions and on

different days, and the results were analyzed. Table 2 also represents the uncertainty for different parameter.
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Figure 2 Photo of the hemispherical solar collector during an experimental run.

Table 2 Measuring devices and instruments

Parameter Model Uncertainty Units
Temperature Lutron 0.1 °C
Flow rate Km450 0.1 gpm
Wind speed Lutron 0.1 m/s
Radiation Tes-132 1 W/m?
Humidity Htc-110 1 %




Table 3 lists the ASHRAE standards for testing solar collectors. The fluid flow rate, inlet temperature and
pressure are recorded at the inlet. After the operating fluid enters the collector and travels through a spiral
path in the hemispherical collector, it exits from the top and at the outlet, where the temperature and pressure
are measured, and then the fluid returns to the storage tank. This cycle repeats itself. The temperature,
humidity and wind speed are also measured separately. To accurately collect data in accordance with the
ASHRAE standard, one should determine the solar collector performance in stable or quasi-stable
conditions. In other words, the actual efficiency of the collector should be measured only when it is
relatively stable in terms of thermal equilibrium and saturation. The amount of time required to reach this
state is based on a fixed time criterion according to Equation (1).

Table 3 ASHRAE standards.

Variable Absolute limits

Total solar irradiance normal to sun(W/m?) 790 (minimum)

Diffuse fraction (%) 20

Wind speed 23<U<48

Incidence angle modifier 98%<normal incidence, value<102%

2-3-Nanofluid preparation

Nanofluids can be prepared from nanoparticles in two different methods: single-stage and two-stage.
Nowadays, the latter method is more common. In addition to determining the preparation method, the
degree of stability and proper dispersion of nanoparticles in the nanofluid are two key considerations. In
the present study, silver nanoparticles with a purity of 99.99% and a size between 5 to 8 nm were used to
prepare silver-water nanofluids at three different concentrations: 0.1, 0.2 and 0.3%. These nanoparticles are
Model Number US7150 and are mixed with deionized water. The distribution is prepared by ultrasonic
device (Nano Sadra Company). Figure 3 shows photographs of the nanofluids, and Figure 4 shows a TEM
image. Before an experiment, measurements of clustering and visual stability were performed. The physical

characteristics of the nanoparticles and base liquid are listed in Table 4.
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Figure 3 Silver-water nanofluid with different concentrations

Figure 4 TEM image of 0.3wt% Ag-water nanofluid



Table 4 Physical characteristics of the base fluid and nanoparticles

Materials Cp(Jkg K) K (W/m K) p (W/m?3)
Water 4180 0.613 998
Nanoparticle 880 35 3890

2-4-Governing parameters

One of the evaluation criteria of solar collectors is their efficiency, which is calculated as the ratio between
the useful thermal energy extracted and the amount of solar radiation received. According to the ASHRAE
standard used in this study, the thermal performance of the collector at different fluid inlet temperatures

should be investigated. Equation (1) can be used to calculate the useful energy obtained from the collector:

Qu = Eout — Ein (1)
Qu= I'ncp(To - Ti) (2
rhCp(To - Ti) ©)

FR = A [Gr(te) — UL(T; — T)]

Therefore, the amount of useful energy extracted from the collector can be found as follows [8, 19]:

Qu= ApFR [Rad — Uy(Tip — Ta)] 4)

The useful energy extracted from the collector is equal to the amount of heat transferred to the working
fluid, which can be calculated from the specific heat value of the liquid at its pre-boiling temperature. The
specific heat of the nanofluid can be calculated from Equation (5) [14,15,17]:

Cp,nf = Cp,np(q)) + Cp,bf (1 - (P) ()

where C, s is the heat capacity of the nanofluid, C, ,,,, is the heat capacity of the nanoparticles, ¢ is the
volume fraction of the nanoparticles, and C,, ¢ is the heat capacity of water as the base liquid. Because the

energy reaching the collector is the same as the solar energy, the collector efficiency can be found via
Equation (6) [19]:



Qu _mC(To —T) (6)
A, Rad A.Rad

ni =

According to Equations (3) and (6), the collector efficiency can be written as Equation (7) [19]:

T — Ta> (7

n; = Fr(ta) — FRUL( Rad

According to Equation (7), if the return values are plotted as a function of the varlable i~Ta , the resulting

curve forms a line whose intersection with the vertical axis is Fr (ta). This value indicates the maximum
collector efficiency and occurs when the temperature of the fluid entering the collector is equal to the
ambient temperature. The intersection of this line with the horizontal axis is called the collector static point,

where the cumulative efficiency reaches zero and occurs when the flow velocity in the flow stream becomes

zero. The slope of the line is Fr U, , which represents the amount of energy lost [19].
2-5-Uncertainty analysis

The error sources in the present study include device calibration error, visual reading of figures as well as
the type of devices used. Data errors include temperature, solar radiation, surface area, and flow rate. To
calculate the uncertainty of the experiments, the square root (RSSM) method is used, which is presented in
Equation (8) [6-9].

_2 Au12+AuZ2+AU32+ (8)
= |G D)
Therefore, to calculate the uncertainty of these measurements, the following equation can be written:
ADT AGy ©)

ADA
\/(—)Z ()t )t t (—)2

The uncertainty for the above values of current, area, temperature and solar radiation are 5.5, 0.01, 0.2
and 1.3 percent, respectively. From Equation (9), this implies an uncertainty in the efficiency of about
6.3%.



3. Results and discussion

In accordance with the ASHRAE standard, tests were performed on different days and under different
conditions. To achieve stable conditions of the collector and to perform the test with water and nanofluid
in different concentrations, we start the test before noon and end it after three hours. Data collection is done
every 20 minutes, which is a suitable time period both in terms of achieving the necessary time constant
and quasi-stability of the collector and considering that some data such as the wind speed, temperature and

humidity had to be read manually.
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Figure 5 Solar radiation and wind speed during the experiment.
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Figure 6 Ambient temperature and humidity during an experiment.

—a— Water -&- ¢9=01% -9--- ¢9=02% —-@- ¢=03%

63 |
58 |

53 |

Collector efficiency (%)

0 15 30 45 60 75 90 105 120
Time (min)

Figure 7 Collector efficiency for different working fluids during an experiment.
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Figure 8 Collector efficiency for different working fluids as a function of solar radiation.

Figure 5 shows the solar radiation and wind speed around the collector during a test. It is apparent that the
amount of solar radiation increases throughout the experiment, which is consistent with the fact that the
experiments began before noon. The maximum solar radiation recorded at the test site was 902 W/m?.

Shown on the left axis of Figure 5 is the wind speed. A unique feature of this collector is its physical stability

against wind as compared with rectangular collectors.
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Figure 6 shows the ambient temperature and relative humidity at the test site, which was sunny and
cloudless. The humidity remained relatively constant during the test, averaging at around 28%. The ambient
air temperature rose during the test owing to the strong radiation and summer season. Figure 7 shows the
efficiency of the collector during the test. Using nanofluids instead of water led to improvements in

efficiency, with the efficiency increasing as the nanoparticle concentration increases.

Figure 8 shows the efficiency of the collector as a function of solar radiation. As the radiation increases, so
does the efficiency, for both water and nanofluid as the working fluid. This increase in efficiency becomes
larger with increasing nanoparticle concentration. This is due to the temperature-induced movements in
nanoparticles, which increase with increasing radiation and consequently the temperature of the pipe wall,

and thus the efficiency also increases.

Figure 9 shows the temperature difference between the output-input of the collector for water-working fluid
and silver-water nanofluid at all three concentrations. With increasing time and radiation, and as a result of
the inlet temperature and the temperature of the adsorbent and pipes, the rate of heat transfer increases for
all cases.
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Figure 9: Output-inlet temperature in a hemispherical collector using water fluid and nanofluid at

different concentrations.
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Figure 10 Collector efficiency as a function of flow rate for different working fluids.

Figure 10 shows the effect of flow rate on the efficiency of the collector. As the flow rate increases, for
both water and nanofluid, the collector efficiency increases. Moreover, the efficiency also increases when
switching from water to nanofluid, and with increasing nanoparticle concentration. This occurs because
increasing the flow rate increases the Reynolds number, thus increasing the heat transfer to the fluid,
resulting in an increase in efficiency. However, when using nanofluids, in addition to the direct effect of
the Reynolds number, the movements of suspended nanoparticles such as Brownian motion have a direct
effect on the heat transfer to the operating fluid.
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Figure 11 Collector efficiency as a function of nanoparticle concentration.
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Figure 12 Collector efficiency as a function of wind speed for water and 0.3% of nanofluid.

Figure 11 shows the average collector efficiency as a function of the nanoparticle concentration. A
significant efficiency increase arises from the use of nanofluids, as compared to the use of ordinary water,
as the operating fluid. There is an efficiency increase of more than 11% in water. Figure 12 examines the
effect of wind speed on collector efficiency. It is found that, as the wind speed increases, the collector
efficiency decreases for both water and nanofluid, which can be attributed to the increase in heat loss around

the collector.
4-Conclusions

In this experimental study, a hemispherical solar collector without a riser has been studied in accordance
with ASHRAE standards. Experiments were performed using water and nanofluid as the operating fluids,
at nanoparticle concentrations of 0.1, 0.2 and 0.3% for different flow rates and different environmental

conditions. The results of this study can be summarized as follows:

e The hemispherical collector has the same behavior as conventional water heaters in terms of the
parameters affecting the collector efficiency.
e The use of nanofluid increases the collector efficiency, with higher nanoparticle concentrations

(from 0.1 to 0.3%) leading to higher efficiencies.
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e With water and nanofluids as the operating fluid, the collector efficiency increases with increasing
radiation, but its growth is higher for nanofluids because of the nanoparticles’ effects at high
temperatures.

e Asthe flow rate increases, so does the Reynolds humber, causing the collector efficiency to increase
as well, but when using nanofluids, especially higher nanoparticle concentrations, a significant
increase in efficiency occurs owing to the increase in unpredictable movements of nanoparticles,
including Brownian motion.

e The maximum collector efficiency recorded for the collector was 61.1%, and the average efficiency
difference between the use of water or nanofluid was more than 11%.

Nomenclature

Parameter Specification Unit
Ap Absorber area (m?)
Cp Specific heat for fluid (I/Kg k)

Cpnf Specific heat for (I/Kg k)
nsnofluid
Cpnp Specific heat for (I/Kg k)
nanoparticles
Cpbt Specific heat for (I/Kg k)
basefluid
DT Difference between (°C)
inlet-outlet temperaure
Fr Coefficient of energy in -
collector
F’ Collector coefficient -
Rad Incident sun radiation (W/m?)
m Mass flow rate (Kals)
Qu Useful energy gained W)
from collector
Sy Uncertainty %
T, Ambient temperature (°C)
Tin Inlet temperature to the (°C)
collector
Tout outlet temperature of (°C)
the collector
Te Absorber temperature ()
UL Total loss energy (W/m? K)
coefficient
Ta Absorption- -
transmittance product
n Nanofluid concentration %
i Instantaneous collector %
efficiency
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