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Abstract

The hot air needed in applications such as drying agricultural products and space heating can be obtained with air-heated solar collectors.
Air has a lower heat transfer coefficient than water. Using storage materials with increased surface area in air-heated solar collectors
provides both obtaining higher temperatures output air and increased the total efficiency of the collector by storing energy. Refractory
materials such as fire bricks have low thermal conductivity and high thermal capacities. In this study, the effects of refractory fire-brick
fragments which are a kind of refractory in storage and reuse of thermal energy on collector efficiency were investigated. Fire brick
fragments of different densities were applied into the solar air heater collector and their thermal efficiencies were compared during
under radiation and cooling.
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Ates Tuglas1 Parcalarimin Giines Enerjili Hava Isiticilarinda Isil
Enerji Depolama Malzemesi Olarak Kullanilmasinin Isil Verimliligine
EtKisi

Oz

Tarim triinlerinin kurutulmasi ve mekan 1sitmasi gibi uygulamalarda ihtiya¢ duyulan sicak hava, hava siticilt giines kollektorleri ile
elde edilebilmektedir. Suya gore, havanin 1s1 transfer katsayis1 daha diisiiktiir. Bu sebeple hava 1siticili giines kollektorlerinde yiizey
alan1 artirllmis depolama malzemeleri kullanilarak hem daha yiiksek sicakliklarda hava elde edebilmekte hem de enerjinin depolanmasi
saglanarak kollektoriin toplam verimi artirilabilmektedir. Ates tuglalar1 gibi yiiksek sicakliklara dayanikli malzemeler, diisiik 1s1
iletkenligine ve yliksek 1s1 kapasitelerine sahiptirler. Bu ¢calismada, depolama ve 1s1l enerjinin tekrar kullaniminda bir tiir refrakter olan
ates tuglasina ait parcalar kollektor igerisine yerlestirilerek, kollektdriin verimi iizerine etkileri incelenmistir. Hava 1siticili giines
kollektoriine farkli miktarlarda ates tuglasi pargalar1 uygulanmis, 1s1n1m altinda ve sogutma sirasinda 1s1l verimleri karsilagtirilmigtir.
Anahtar Kelimeler: Hava Isiticili Giines Kollektorii, Isil Enerji Depolama, Ates Tuglas1 Pargalari.
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1. Introduction

Mankind realized that using of solar energy is in his benefit
ages ago. Greek historian Xenophon's 'Memoribilia' named work
recorded that the Greek philosopher Socrates's (470 -399 BC) in
order to have cool dwellings in summer and warm dwellings in
winter, that the south-facing sides should be built higher [1, 2].
Solar thermal collectors used for different applications such as
solar water heating, space heating and cooling, solar refrigeration,
industrial process heat, solar desalination, solar thermal power
and simultaneous electricity and heat generation [3]. Hot water
solar collectors are most commonly used panel type in Turkey. In
addition to hot water, solar air heaters have been developed in
order to meet required hot air [4]. The use of solar air heater
(SAH) has become widespread where dwellings heating, drying
of agricultural products and medium and low temperatures are
needed in many applications [5, 6, 7]. SAHs are used due to their
rare maintenance and simple structure [8]. Solar air heaters can be
classified as in Figure 1 [9]. While sensible heat based SAHs are
suitable option for low temperature solar thermal systems, latent
heat storage in phase change materials (PCMs) is also the most
suitable solution for thermal energy storage due to their high latent
heat. In addition, energy storage in SAHs is an effective design to
yield a higher and more stable output compared to conventional
SAHs [10, 11, 12].

Flat plate solar air heaters
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Figure 1. Classification of solar air heaters.

In Table 1, commonly used sensible and latent heat storage
materials properties were given [9].

Table 1. Thermo-physical properties of different materials.

Thermal energy Specifi Therm'al' Density Latler‘zt keat
storage c heat  conductivity ke/m’ of fusion
kJ/kg. K W/m.K kJ/kg
Rockbed 1 3,26 2240 -
Brick 790 0,90 1920 -
Concrete 840 0,79 1600 -
Pebble bed 0,8 2,9 1430 -
Paraffin wax 2,1-8,4 0,24 920-795 189
Hytherm oil 0,73 0,97 725 -
Glauber’s salt 2,5 2,25 1330-1460 251
Organic PCM 2 - 800 190
Inorganic PCM 2 - 1600 230
Granular carbon 0,93 0,11 460 -
Water 4178 0,612 998 334
Al composites 0,89 0,21 2707 -
Iron gravels 0,56 37 7200 -

The storage of solar energy is important for the future success
of solar energy use. In cases where the energy needs to be
continuity, such as drying of agricultural products or space
heating, the energy must be stored temporarily. The storable
energy amount varies depends on the properties of the PCMs and
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sensible or thermochemical materials used in the storage of heat
energy [13, 14, 15]. The storage of thermal energy has been used
for a long time. There are plants that produce electricity from
concentrating solar power, for the generation of electricity needed
when solar radiation cannot reach the earth [16, 17]. Although
SAH applications are highly efficient, the heat transfer between
the absorber surface and the fluidized air is low. With this
motivation many researchers have studied to increase the thermal
efficiency of SAHs by increasing the convective area with
artificial roughness and barrier fins of different geometries.
Nowadays, the studies on the subject have increased in bringing
together designs that have enhanced storage and heat conduction
[18, 19, 20, 21]. Generally, the choice of material to store energy
is related to the end use scope and method of using the energy. An
energy storage system be able to evaluate in terms of capacity,
charge and discharge time, reusability, efficiency and cost.
However, a solar air heater can be designed using less material,
even using some non-commercial value scrap [7, 15].

Saravanakumar and Mayilsamy, studied the mixed thermal
storage material and found that the gravel with iron scraps gives
better %10-20 efficiency than other storage materials [22].
Natarajan et al., presented experimental results of a tunnel type
agricultural product dryer so as to thermal storage materials
effects on thermal efficiency. According to their experimental
results, without thermal storage, sand bed, rock bed and aluminum
conditions were found 9.9%, 15.46%, 14.75% and 13.7%,
respectively [23]. Singh et al., compared thermal efficiency of a
solar air heater collector with various combinations of thermal
storage media. They observed the best heat storage capability
have coupled with aluminum cans and sand as compared to other
systems. They achieved maximum efficiency (44.45%) with SAH
with aluminum cans and sand [24].

Fire bricks are light, porous refractories and contain 60-70%
silica (Silicon Dioxide) and 30-40% alumina (Aluminum Oxide).
Materials other than these two components in a good fire brick
should not exceed 5%. It has low thermal conductivity and high
heat storage capacity [25]. For this reason, although researchers
studying on energy storage and recovery systems with fire bricks
today, but it is not enough to turn into a commercial product.

The storable energy is directly related to the solar radiation
duration, solar angles, cloudiness rate, and the amount of storage
material. It is expected that the experimental conditions do not
vary as much as possible because the variation of the angle and
amount of solar radiation on different days or hours may result in
errors in the production of correct data by monitoring the effects
of the application factors tested. Panel efficiencies determination
experiments are generally carries out indoors because efficiency
may effects than outdoor conditions due to the amount of radiation
can't keep constant and the air flows may cause heat losses on the
surface are prevented. The use of solar simulators to conduct
efficiency testing of solar panels is common due to repeatable,
adjustable and stabilizable [26-27].

In this study, the effects of using fire brick fragments in the
panel on collector efficiency were investigated. In this context,
fire brick fragments as filling material were placed in the collector
with 4 different densities (3,7,11,13 kg.m™2), control (without
storage material) experiments were performed by using solar
simulator.
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2. Material

2.1. Solar Simulator

Solar simulators are used in indoor testing of equipment that
converts solar energy into different energy types such as
photovoltaic cells and solar collectors under controlled and
repeatable conditions. The simulators are uses electrically
powered halogen lamps which provide the equivalent light
spectrum of daylight. It is easy to recognize the absolute effects
of a change in a given factor on panel efficiency in panels tested
with the simulator. In addition, climatic changes eliminate the
uncertainty caused by uncontrolled outdoor factors such as
cloudiness factor or wind. The fundamental of the solar simulator
is that it matches the spectrum of daylight and that the radiation is
homogeneously distributed across the panel surface to be tested
[28, 29]. Experiments were conducted with a solar simulator
consisting of 30 halogen lamps (330 W) in 6x5 matrix. The
radiation intensity of each lamp can be adjusted by the dimmer
switch to which it is connected. The homogeneity of the radiation
reaching the surface can be adjusted in this way. The simulator
can generate radiation for any value between 0-1350 W.m"\(-2)
Fig [2]. For the experiments to be performed under 1000 W.m"(-
2), the radiation measurements made with DeltaOhm brand
HD2102.2 model radiometer from 35 points on the panel were
adjusted to be homogeneous.

Figure 2. Solar simulator

2.2. Automation and Logging System

PLC based automation system has been developed for the
control of variables such as application of radiation during
constant time, cooling time and air speed, and saving of
temperature values to an external memory periodically.
Temperature values were measured with thermal pairs at 4
different points including input, output, ambient and in-panel. The
frequency value of the radial fan operating with alternating
current and that provides air supply can be adjusted via
automation. The frequency driver was used to conduct
experiments which the outlet air velocity was equal of a specified
value via frequency. The outlet air velocity measures with HK
Instruments AVT-D model anemometer. Delta branded MPU is
programmed for automatic control. In addition, an interface
designed for the input parameters by user Figure 3.
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Figure 3. Pages of automation interface

2.3. Collector and Thermal Energy Storage
Material

On the experiments, a solar collector with standard air
heating with glass on the top, matt black on the absorber and
without roughness was used. The inner volume of the collector
can be filled with different materials and the top surface has a
hinged shutter design. The absorber surface area of the panel (1.02
m x 0.72 m) is 0.74 m? and the input-output air channels are
converted to circular. Fire brick fragments were used as thermal
storage material with approximately 0.974 kg.dm™3 (w/v)
Figure 4.

Figure 4. To used cracked fire bricks as thermal energy storage.

3. Method

In the experiments, the effects of the application of fire brick
fragments into the collector at different densities on the thermal
efficiency of the collector were observed. The densities were
applied to 0 (control),3,7,11,13 kg m™~2 Figure 5.

T

Figure 5. To used fire bricks fragments as a thermal energy
storage.
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Voltage adjustment was made with dimmer switches for each
of the 30 halogen lamps in the simulator. The irradiation intensity
on the collector surface was adjusted to be homogeneously
distributed and constant at 1000 W.m ™2,

The section of the air outlet of the collector is circular and has
a diameter of 17 cm. The amount of frequency to be applied to the
radial fan was determined to be 1.0 m.s™! and the volumetric
flow rate was calculated as 1.36 m3.min~1. The mass flow rate
varies depending on the outlet air temperature. For this reason, the
temperature-dependent specific mass of the air leaving the
collector is calculated with Eq. 1 [6] and the mass flow is
calculated with Eq. 2 [6] for each measured temperature.

P
=M — 1
Pa=M o (1)
Mg = Pa Vo )

Pq : Spesific mass, (kg.m™3)

M : Molar mass of air, (28.97 kg. kmol™?)

P : Sea level standard atmospheric pressure, (101.325 kPa)
R : Universal gas constant (8314.3 J.kmol™1. K1)

T : Air temperature, (K)

1, : Air mass flow rate, (kg.s™1)

V, : Air velocity (m3.s™1).

Collector and parameters specific mass flow rate value (G)
used in the experiments were calculated with Eq. 3 [6] and the
specific mass flow rate value for the experiments was found to be
125kg.h~t.m™2.

mg
G = —2 3600 3)
Aq

A, : Absorber surface area (m?).

A b OO O
o o1 o O

Outlet Temperature (°C)
N w w
(8] o o1

=N
o o

The energy charged to the air passing through the collector
for one minute was calculated with Eq. 4 [6].

Q= macp(Tout = Tin) (4)

Q : Gained energy by air, (kcal)

C, : Specific heat capacity of air, (0.24 kcal. kg™".°C)
T,y : Output air temperature, (°C)

T}y, : Input air temperature (°C).

The thermal efficiency of solar collectors varies according to
the angle and amount of solar radiation. Thermal efficiency is the
ratio of the energy loaded to the working fluid to the amount of
radiation coming to the panel surface. Thermal efficiency was
calculated with Eq. 5 [6].

(3)

Q; : Total gained energy by air during experiment, (Wh)
I : Trradiance, (W.m™2)
t : Experiment time, (h)

The experiments were carried out by under
1000 W.m™? irradiance during 180 minute and allowing only air
flow to cool for the following 90 minutes. This process was
repeated by placing fire brick fragments of different densities in
the collector and the obtained temperature data were evaluated.
Empty collector experiment without fire brick fragments was used
as control experiment.

4. Result and Discussions

The experiments were carried out by placing fire brick
fragments in the heater at a density of 0,3,7,11,13 kg.m™2,
respectively. It has been observed in all experiments that the outlet
and inlet air temperatures continuously increase during the 3
hours under irradiation, and close the gap within next 1.5 hours.

Figure 6.

0 10 20 30 40 50 60 70 80 90 100110120130140150160170180190200210220230240250260270
Time (Minute)

Figure 6. 0,3,7, 11 and 13 kg.m™2 applied collector’s outlet air temperature changes
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The graph of the change in the inlet and outlet air
temperatures according to the different fire brick application
densities is shown in Figure 7. For easier interpretation of the
graph, the calculations of the areas under the curves of
temperature differences are shown in Table 2.

Table 2. Comparison of areas under the curves in the
temperature difference graph

Irradiance Phase Cooling Phase

(0-180 min) (181-270 min)
0 kg m? (AT*) | 2313.30 128.45
3kgm? (AT*) | 2846.95 132.70
7 kg m?2 (AT*9 3146.00 169.40
11 kg m (AT*t) 3191.90 191.70
13 kgm™ (AT*0) | 3281.65 203.75

The differences in collector efficiency of the applications are
shown in Figure 8. Efficiency calculations were compared
separately for the first 3 hours (under irradiation) and all 4.5
hours.

Using less storage material causes an increase in the gap
inside the collector. As mentioned in the study of Aboul-Enein et
al.,, it is seen that increasing the gap decreasing the outlet air
temperature also in this study [30]. The use of thermal storage
materials in solar collector is known to increase thermal efficiency
and output air temperature [31]. The effect of the heat exchange
observed during the cooling phase increased with the density of
applied storage material. The effect value of the discharged energy
per unit weight (kg) of the applied fire bricks density was highest
in 7kgm™2 application and it was calculated as
2.03 Whkg™m?. When this calculation was made for
3,11and 13 kgm™2 applications, it was found to be
0.56,1.98 and 1.95 Wh kg~ m? respectively. It is thought that
this value does not increase gradually because of the change of
path of the fluid air and the decrease of the contact surface of the
air with the storage material.

In this study, the effect of thermal storage material used per
unit area on thermal efficiency has been observed. It is seen that
the thermal efficiency increases with the increase of the material

PR -
TP I YN

1o, -

-~ v

Temperature (°C)

used. Collector total efficiencies were 42.14, 51.23, 56.52, 57.42,
58.62% corresponding values to application densities
0,3,7,11,13 kg m™2 and efficiencies of under irradiance were
39.41,48.41,52.98, 53.44, 54.43% respectively.

Solar air heaters integrated with cylindirical copper tubes
carrying low cost thermal energy storage materials as granular
carbon powder, paraffin wax and combination of these were
evaluated. Results showed that, the thermal efficiency reached to
78.3% by combination of storage materials and exhaust
temperature of 50 “C [32]. Using synthetic oil in the black painted
copper tubes of SAH as a sensible heat storage medium reached
to the maximum efficiency of 67.7% at mass flow rate of
0.028 kg s~* higher than the conventional SAH [11]. In another
study, thermal efficiencies of SAH with storage were ranged
between 68.4-71.9% and 2-3 h more effective than conventional
SAHs [33]. It was varied between 12% and 65% per day and the
maximum air temperature is higher than the temperature recorded
without storage [34]. The SAHs with packed bed storage medium
is more efficient than without storage interms of energy efficiency
between 20.35% and 50.92%. It is also capable to deliver the hot
air in the range of 45 to 60 ‘C for a longer period. It could be
possible to extend operation time up to 4 h with the temperature
difference of 6-8 °C higher than the ambient temperature [35].
Using paraffin wax as pcm improved heat transfer and thermal
efficiency reached to 39% for flat plate absorber plate and 43%
for inclined absorber plate with PCM, while it was 31% for
conventional SAH [36]. The thermal efficiencies of double glazed
passive SAHs were investigated for different PCMs such as
paraffin wax and palm oil and resulted with 38.4% and 41.0%,
respectively [37]. In another double pass SAH using paraffin wax
reached the maximum thermal efficiency of 97% and provided
benefical heat for 2.5 h after the sunset [38, 39]. Usage of
powdered cherry stone and stone for sensible thermal energy
storage in SAH resulted in average thermal efficiency between
6.05% and 39.99% depending on the air flow rate. Daily thermal
efficiency with powdered cherry stone was found as 18.7% higher
than SAH without heat storage. Powdered cherry stone and stone
heat storage improved the energy generation for about 4 and 5
hours after sunset, respectively [40]. SAHs using paraffin wax and
pure cement increased the heating period after 6.30 p.m. about 4
h and 2 h, respectively [41].

0 10 20 30 40 50 60 70 80 90 100110120130140150160170180190200210220230240250260270

Time (Minute)

Figure 7. Time-dependent differences between inlet and outlet air temperatures.
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Figure 8. Effect of different density applications on thermal efficiency and stored energy amount.
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