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ABSTRACT

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF
NATURAL CONVECTION HEAT TRANSFER IN AN INTEGRAL SOLAR
COLLECTOR STORAGE (ISCS)

Al-dayyeni, Hadi
Doctor of Philosophy, Mechanical and Aeronautical Engineering
Supervisor: Prof. Dr. Cihan Karatas
Co-Supervisor: Assist. Prof. Dr. Wisam J. Khudhayer

December 2020, 117 pages

The current research includes a practical study of the thermal performance of solar
collector integral storage system (ISCS) in which different types of heat exchangers
are immersed in its enclosure for comparison. The first type is a straight tube heat
exchanger (ST) and the other is a heat exchanger in the form of a coiled tube (CT).
The effect of single and double glass layers and fluid flow rates inside the heat
exchanger on the natural convection heat transfer of the ISCS system is
experimentally evaluated by determining the temperature difference of inlet and
outlet water through the heat exchanger immersed into the ISCS enclosure, the
temperature distribution inside the enclosure, the ISCS efficiency, and the amount of
thermal storage during evening times. Three sets of experiments are performed for a
different water flow rates (1.0, 1.5, 2.0, and 2.5 LPM) inside the heat exchanger that
is immersed in the thermally insulated enclosure and different glassing layers. The
first set represents the presence of a heat exchanger in the form of a straight tube
with a single glass was layer on the top face of the enclosure that is called (STSG).
The second set uses a coiled tube heat exchanger with a single glass on the upper
side of the enclosure and it’s named (CTSG). The last set of experiments is



represented by a heat exchanger in the form of a coiled tube with a double glass on
the upper face of the enclosure and it’s abbreviated as (CTDG). At a water flow rate
of 1.0 LPM, the CTDG exhibited higher temperature difference (28 C and 19.9 C
than (19.4 and 11.4 C) for CTSG and (12 and 7.3 C) for STSG during the day and
night times, respectively. The results reveal that the thermal efficiency (77.8% ) of
the (CTDG) case at a water flow rate of 2.5 Lpm was higher than the efficiency
(56.6%) of (CTSG) case and that (39.7%) of (STSG) case. . It was also observed that
the internal energy exceeds the amount of solar radiation during the day and provides
thermal storage at night due to the complete isolation of the collector. The
temperature measurements near the tube allow the calculation of the Rayleigh
number during the heat transfer process, and empirical relationships haves been
deduced for each set of experiments between the Nusselt number and the Rayleigh

number.

Keywords: Heat Exchanger, Solar Water Heating System, Integral Collector
Storage, Natural Convection, Single & Double Glazing.
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0z

ENTEGRAL GUNES KOLLEKTORU DEPOLAMASINDA (ISCS) DOGAL
KONVEKSIYON ISI TRANSFERININ DENEYSEL VE TEORIK
YATIRIMI

Al-dayyeni, Hadi
Doktora, Makine ve Ugak Miihendisligi Anabilim Dali
Tez Yoneticisi: Prof. Dr. Cihan Karatas
Ortak Tez Yoneticisi: Yrd.Dog¢.Dr.Wisam J. Khudhayer

Aralik 2020, 117 sayfa

Mevcut arastirma, farkli tipte 1s1 esanjorlerinin karsilagtirma i¢in mahfazasina
daldirilldigr giines kolektorii  entegre depolama sisteminin (ISCS) termal
performansinin pratik bir ¢alismasmi icermektedir. Ilk tip, diiz borulu bir 1s1
degistiricidir (ST) ve digeri, sargil1 bir boru (CT) formunda bir 1s1 degistiricidir. [ISCS
mahfazasina daldirilan 1s1 esanjoriinden giris ve c¢ikis suyunun sicaklik farki
belirlenerek 1s1 esanjorii i¢indeki tek ve ¢ift cam tabakalarin ve sivi akis hizlarinin
etkisi deneysel olarak degerlendirilmistir. muhafaza igindeki dagitim, ISCS
verimliligi ve aksam saatlerinde termal depolama miktari. Is1 yalittmli muhafaza ve
farkli cam katmanlarina daldirilmis 1s1 esanjoriiniin i¢inde farkli bir su akis hizlari
(1.0, 1.5, 2.0 ve 2.5 LPM) i¢in ii¢ set deney gerceklestirilmistir. i1k set, muhafazanin
iist yliziinde (STSG) olarak adlandirilan tek bir cam tabakaya sahip diiz bir tiip
seklinde bir 1s1 esanjoriiniin varhgini temsil eder. Ikinci set, muhafazanin iist
tarafinda tek bir cam bulunan ve (CTSG) olarak adlandirilan sarmal borulu bir 1s1
esanjorii kullanir. Son deney grubu, muhafazanin {ist yiiziinde ¢ift cam bulunan
sarmal tiip seklinde bir 1s1 esanjorii ile temsil edilir ve (CTDG) olarak kisaltilir. 1.0

LPM'ik su akis hizinda, CTDG, giindiiz ve gece saatlerinde sirastyla CTSG i¢in

vii



(19.4 ve 11.4 C) ve STSG i¢in (12 ve 7.3 C) daha yiiksek sicaklik farki (28 C ve 19.9
C) sergilemistir. Sonuglar, 2.5 Lpm su akis hizindaki (CTDG) durumunun 1sil
veriminin (% 77.8) (CTSG) durumunun (% 56.6) ve STSG'nin (% 39.7) veriminden
daha yiiksek oldugunu ortaya koymaktadir. . Kollektoriin tam izolasyonu sayesinde
i¢ enerjinin giindiiz giines radyasyonu miktarin1 astigt ve geceleri de termal
depolama sagladig goriilmiistiir. Tiipiin yakinindaki sicaklik dlgiimleri, 1s1 transfer
islemi sirasinda Rayleigh sayisinin hesaplanmasina izin verir ve Nusselt sayisi ile

Rayleigh sayis1 arasindaki her deney seti i¢in deneysel iligkiler ¢ikarilmistir.

Anahtar Kelimeler: Esanjor, Giines Enerjili Su Isitma Sistemi, Entegre Kollektorlii

Depolama, Dogal Konveksiyon, Tek ve Cift Cam.
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CHAPTER 1

INTRODUCTION

1.1 Overview

The sun produces enormous quantities of energy called (Solar Radiation) every
second. Sunlight (47 percent), infrared radiation or heat (46 percent), and ultraviolet
rays (7 percent) are radiated into space as energy. Just the Earth, one part in a billion,
intercepts a small portion of the energy but this amount is still enormous. To fulfill
the needs of the fire-heated water for bathing, washing, and cooking, in the past the
water must be heated by fuel, but today, some utility companies integrate the wind
and sun renewable energy systems into their production of energy.

One of the applications of the solar energy is the solar water heating systems, some
of them used the collector as the storage tank without providing a pump to circulating
the water inside the collectors, where it depends on the natural convection process.
In the immersed heat exchanger & collector, mechanisms of the heat transfer are
conceived as the interaction of negatively formed buoyant plumes in a heat
exchanger boundary layer and a large-scale buoyant flow inside the collector storage
center. However, the thermal stratification inside ICS, the geometric parameters (the
enclosure inclination, the aspect ratio, and the relative size and location of heat
exchangers) and the incoming solar radiation magnitude will assess types of mixing

in the collector storage fluid [1].

1.2 Natural Convection

Natural convections are processes or methods of the transport of heat in which no
external source (such as a fan, pump, suction system, etc.) induces fluid movement,

but just density variations in the fluid that occur due to temperature gradients. In the



natural convections, the fluids surrounding the heat sources receive heat and become
less dense and rises due to thermal expansion, then move for replacing the colder
fluid above. The colder fluids are gradually heated and the process proceeds to form
the convection current, which moves heat energy from bottoms to tops of the
convection cells. For natural convection, driving forces are buoyancy, the product of
fluid density differences, and so the existence of suitable acceleration, like equivalent
force, or gravity resistance (centrifugal force, acceleration, and/or Coriolis impact),
is necessary for natural convection. Natural convection, ex., fundamentally doesn't
work in inertial (free-fall) conditions, like those of the orbiting International Space
Station, where other methods of the transfer of heat are necessary to avoid

overheating of the electronic components.

Because of its role in both engineering and nature applications, natural
convections have gained a huge deal of interest from scientists. In nature, a big aspect
of all systems of weather is convection cells produced from air growing over
sunlight-warmed water or soil. In the rising plume of the hot air from tectonics of
plate, fire, sea-wind formation, and ocean currents (thermohaline circulation) (where
upward convection too is adjusted by the forces of Coriolis), convection is also seen.
In the engineering usages, the convection is typically visualized in the micro-
structures creation through fluid flows around shrouded solar ponds, fins, and heat-
dissipation and the cooling of the molten metal. Free air cooling without any of the
help of the fan is too general manufacturing use of natural convection: this may
happen on small-scales (chips of the computer) of large-scale processing equipment
[2-13].

1.3 Solar Water Heating Systems

Systems of solar water heating use the sun for heating either the heat-transfer fluids
or water in collectors. An unshaded, south-facing location (typically a roof) is the
best site for the collectors. In the tank close to the electric or traditional gas water

heaters, then the heated water is collected.



The work of solar water heaters depends on the water temperature entering the
system and on the availability of solar energy at the site. The colder the fluid, the
more effectually the system operates. Approximately any climate, a conventional
backup system is necessary.

Water conservation measures are a good way to reduce the overall hot water demand
in a residence. Some examples include installing low-flow shower-heads, placing
flow restrictors and aerators on the faucet, and managing water levels in household
appliances. Lowering the thermostat on a water heater is another way to reduce the

energy required for water heating [14-16].

1.4 Types of Collectors in Solar Water Heating Systems

There are 3 main types of collectors: concentrating and evacuated-tube, flat-plate,
collectors. The flat plate collector is the insulated, weatherproof box involving the
deep absorber plates under 1 or more translucent or transparent covers as shown in
Figure 1.1. The small tube runs during the box and carries the fluid to be heated. The
tube is connected to deep absorber plates. As heat builds up in collectors, it raises
the temperatures of the fluids passing during tubes. This is the most common type of

collector.

Evacuated-tube collectors were made up of rows of parallel and transparent glass
tubes stored in the rigid boxes. All tubes consist of the glass inner and outer tubes,
or absorber, covered with the selective coating that absorbs solar energy. The air is
evacuated from the space between tubes for forming the vacuum, which eliminates
conductive and convective heat loss. The fluid in these tubes may reach extremely

high temperatures, which makes them suitable for industrial or commercial uses.

Concentrating collectors are usually parabolic troughs that use mirrored surfaces to

concentrate the sun's energy on a tube containing the heat-transfer fluid [17-28].



Flat-Plate Collector

Glazing frame
Glazing
Inlet connection f Outlet

/// connection

/

2

Enclosure

Flow tubes

Absorber plate
Insulation e o

Figure 1.1: Flat-plate collector [20].

1.5 Classification of Solar Water Heaters and Primary Characteristics

The solar water heater needs a well-insulated storage tank. Different systems place
the solar storage tanks in series with traditional water heaters. However, in the
current design, the solar water heaters preheat water before they enter a traditional

water heater.

Table 1.1. & 1.2. Summarizes the Primary Characteristics of different types of

systems of solar water heaters [29-30].



Table 1.1: Classification of Systems of the Solar Water Heater (Active) [29-30]

DIRECT

Water heats in collectors flow directly to

taps of hot water.

INDIRECT

fluids,

include the heat exchangers, are

Heat transfer which
separate from a home water

source.

ACTIVE

The electric pump
was employed to
circulate fluids
that absorb heat.

The Drain down System

Water was pumped between the
storage tanks for hot water and the
collector panels. The freeze protection
is offered by a temperature sensor
electric drain down valve draining
water from the collectors and exposed
plumbing until the  freezing
temperature is reached. Water fills up
into the drain of a building. When
temperatures rise above zero, the
machine refills automatically with the
water. The offer defenses for freeze

(see Figure 1.3) [29].

The
System

Direct (Open Loop)

Between storage tanks and collector
panels, the pump circulates heated
water. The device has very little
protection from frost. It can be set up
to provide minimum security against
freezing or employed for 3 seasons &
Not

shutdown in the winter.

acceptable with the hard water [30].

The Pressurized Glycol

(closed-loop) Anti-freeze

System

Via solar collector panels, anti-
freeze fluid is pumped and

moved  during the  heat
exchangers to the water storage
tanks. Offers defense for freeze

(see Figure 1.2) [29].

The Drainback System

Between the storage tank and the
collector panel, anti-freeze or
distilled water (DW) circulates
and was drained from the device
during the freeze. The fluid in the
collector panels was different
from the supply of home water
and when drained, was stored in
the holding tank. The gravity
mechanism drains without the
employe of the electric drain
valves. The heat exchanger is
required to move heat to the
storage tanks (see Figure 1.4)
[30].




Table 1.2: Classification of Solar Water Heating Systems (Passive) [29-30]

DIRECT

Heated water in the collector flows

directly to a tap of hot water.

INDIRECT
fluid,

includes the heat exchanger, is

Heat transfer which
separate from a home water

source.

PASSIVE

The movement of
hot water or heat
fluids
relies on natural
No

pump

transfer

convection.
electric

whatsoever.

The ICS (Integral Collector

The Thermosiphon System

Storage) System

There are a storage tank and a hybrid
solar collector. Such systems are less
costly and quick, but require a greater
loss of heat at night and do not provide
sufficient protection against freezing. it
is the most popular type of home-made

solar water heaters (see Figure 1.5) [30].

The Thermosiphon (Direct)

System
Usages of the storage tank and the solar
collector panel. Through natural

convection, the hot water circulates
from the collectors to the tanks. The
tanks must be at least (18 in) elevated
above the collectors. Not appropriate for
locations that are cold or have hard
water. (Can be changed with the pump,
making it the direct open) device to
protect freezes in locations where
freezes are very limited) (See Figure

1.6) [30].

Usages of the storage tank and
the panel for solar collectors. In
the collector panel, anti-freeze
fluid

transferred

is spread and heat is
through the heat
exchangers to the water storage
tank. The tank must be at least
(18 in) elevated above collectors.
Reasonable for places that freeze.
Nevertheless, the performance is

poor. [29].
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Figure 1.5: Conceptual sketch of a suggested integral collector storage solar water
heater with the immersed heat exchanger [30].
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Figure 1.6: Thermo siphon Solar Water Heating System [30].

1.6 Integral Collector Storage (ICS) Systems

The ICS is a batch type system in which the household water is directly heated by
the sun and storage tanks serve as solar collectors. Batch water heaters were passive
devices wherein the hot water was supplied to a point of usage by using the pressure

of water in houses or storage tanks from the solar heated tank.

Of all the different solar water heaters, the most widely designed and used by
homeowners are batch systems. They are less costly, particularly when they are
residence, are often made of recycled material, and have several components.
Usually, the batch system composed of 1 or more tanks covered with black & sealed
in the insulated enclosure, with the glazed side cover facing the sun, shown in Figure
1.7 [31].
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Figure 1.7: The collector flow is intended to communicate with small-scale
negative buoyant plume generated in boundary layers of heat exchangers and the

large-scale circulating flow in the storage fluids center. [31].

1.7 Heat Exchanger

A system used for thermal transfer among fluids is a heat exchanger. There are two
types of heat exchanger. The first is a direct contact of liquids and the second one is
to prevent mixing. They are commonly used in air conditioning, refrigeration,
natural-gas processing, space heating, and refineries of petroleum, petro-chemical
plants, treatments of sewage, chemical plants, and power stations. In internal
combustion engines, the classic example of the heat exchanger is seen in which the
circulating fluid known as motor air flows past the coils and coolant passes through

radiator coils, which heats the incoming air and cools the coolant [32].
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1.8 Objectives

The main objectives (experimental work) of this research can be divided into several

points as follows:

1) Manufacture of two types of heat exchangers (immersed in the enclosure), the
first is a straight tube and the second is a coiled tube.

2) The use of two cases when doing experiments for each model of heat exchangers,
the first using single glass and the second using double glass.

3) Study effects of changing the rate of flow.

4) Study the efficiency of experimental work when using every case and model of
heat exchangers at every flow rate.

5) Establishing non-dimensional relationships for each case.

6) Study the amount of thermal storage for this project and compare the change of
all the above parameters.

7) Study the real effectiveness of solar energy and its effect on increasing the
internal energy of the (ISCS).

8) A study of improving heat transfer by natural convection due to the effect of all

of the above.
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CHAPTER 2

LITERATURE SURVEY

2.1 Preface

One of cleaner sources of the renewable energies is solar energy. The enhancement
of heat transfers in the solar devices is one of the main issues in the compact designs
& energy conservation. Previous researchs will be classified into several groups

depending on the factors studied in the current research.

2.2 The Effect of Heat Exchanger Types in Systems of Solar Water Heating

Wei Liu et. al., 2002 [31] studied the rates of heat transfers of the single horizontal
tubes immersed in the water-filleds enclosure tilted at 30°. For the solar water heating
devices with the heat exchangers submerged in the integral collector storages, the
results serve as a base case. Experiments have been performed for both uniform and
adiabatic heat flux boundary conditions for stratified and isothermal enclosures.
From calculated distributions of water temperature, the natural convection flow in
enclosures was described. The formation of a suitable difference in temperature that
drives natural convection was calculated. Correlations in the numbers of Rayleigh
and Nusselt for the overall heat transfer coefficients are shortened to the following
shape NuD= 0.675 Ra %2° for 10 °< RaD<10 8.

The rates of heat transfers of the single horizontal tubes submerged in the water-
filled enclosures tilted at 30° were investigated experimentally [33]. The results also
serve as the base case for the solar water heating device with the heat exchangers
submerged in the integral collector storages. The tests were carried out under the

uniform and adiabatic heat flux boundary conditions for isothermal and stratified
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enclosures. From calculated distributions of water temperature, the natural
convection flow in enclosures is described. The formation of suitable differences in
temperature that drives the natural convection was calculated. Correlations in the
numbers of Rayleigh and Nusselt for the overall heat transfer coefficients are limited
to the state shape NuD=0.675RaD %2> for 9X10°<RaD<4X107.

W. Liu et. al., 2004 [34] evaluated the coefficients of the natural convection heat
transfers for the rectangular array of 8 tubes integrated in the thin enclosures of the
ratio 9.3:1.0 and inclined at 30 degree. However, the experiments were carried out
the range of modes od the transient operating typical of the load side heat exchangers
in un-pressurized integral collector-storage devices as shown in Figure 2.1. Water is
a working fluid, and by a continuous heat flux on upper boundary, thermal charging
is achieved. The other borders are all well enclosed. For the overall Nusselt number,
results for stratified & isothermal enclosures yield the next correlations:
NuD=(0.7286+0.002)RaD %>, 4,0X10°<RaD<1.4X107.

From calculated temperature distributions, the flow fields in enclosures are assumed.
Also, the temperature differences that drive natural convection are calculated. For
the state of the single tubes, the results expand earlier work and provide a restrictive
case of the datum of heat transfers for the tube bundle that occupies the collector
storage upper portions. The larger numbers of Nusselt in the tube bundle were due
to better fluids motion in the bundle and the greater momentum in the approaching
flow from the lower location of enclosures and higher rates of overall circulation

compared to Nusselt numbers for the single tube.

The heat transfer and transient fluid dynamics in the inclined adiabatic water-filled
enclosures with the submerged cylindrical cold sinks have been studied in the
dimensionless scale analysis and the 3D model [35]. The integral collector storage
device with the submerged heat exchangers reflects the geometry. The model
enclosure is inclined at 30degrees and has an aspect ratio of 6:1. The scale analyses
of the process of transient heat transfers identify 4 temporal times: quasi-steady,

conduction, decay & fluctuating. Moreover, the general forms of the volume-
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averaged water temperatures in enclosures and the transient number of Nusselt are
given. By isothermal contours and presenting instantaneous flow streamlines during
each transient period, insight into the thermal processes and transient fluid is given.
Two distinct regions consist of the flow area. The zone is almost static above the
cold sink.

Figure 2.1: Cross-section of the experimental ICS with submerged tube

bundle [34].

One of the strong blending and recirculation triggered using cold plumes produced
in boundary layers of cylindrical sinks is the larger region below the sink.
Correlations between the expected dimensionless volume-averaged tank
temperatures & the transient number of Nusselt compare positively to previously
measured results. In contrast to that of the cylinder in the unbounded fluid, fluid

motion in enclosures increases heat transfers.

Finally, W. Liu et al., 2005, [36] studied the natural convection in enclosures that
represent the device of the ICS (integral collector storage) with the submerged tube-
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bundle heat exchangers. The heat transfer coefficients of bundles of 240tubes
contained in the thin enclosures of the aspect ratio of 9.3:1.0 & inclined at 30 degrees
to the horizontal were taken for the range of models of transient operating and ratios
of pitch-to-diameter of 3.3, 2.4 & 1.5. The results of the stratified and isothermal
enclosures yield the correlations of the overall number of Nusselt
NuD=(2.45+0.030)RaD?188  230<RaD<9800. Moreover, the Rayleigh number's
signature temperature differences are that between the temperatures of tube walls
and the rated temperature of the water within the bundle. For the eight-tube bundle
and the promised single-tube, the Nusselt figures are 3 times greater than those. This
rise is due to higher fluid flow inside the package and higher overall rates of large-
scale circulation in enclosures. William Logie et al., 2010 [37], current
implementation of IHX (Immersed Coil Heat Exchanger) into systems of SDHW
(Solar Domestic Hot Water) employ simple guidelines based on the planned solar
collector zone to dimension their surface zone - or range thereof. However, the
literature from which these guidelines come (1970 s and 1980s) is focused on tests
with several models of IHX (copper, flange-retrofitted) to those employed today and
is assumed entirely on the efficiency of heat transfer, so it is considered important to
re-evaluate the current guidelines. The study posed the attempt to integrate
stratification evaluation and the heat transfer efficiency based on measurements from
3 samples of IHX with geometric arrangements of different materials. The
correlation between low stratification efficiencies and high convective heat transfer

coefficients is indicated by preliminary research.

At heating, the nuclear industry, ventilation, heat recovery process plants, & air
conditioning devices, the coil, and shell heat exchangers are widely used. Easy
design, the high heat transfer, and the low value of pressure drop support this form
of the recuperator. In a helical coil, because the curvature of tubes results in growth,
centrifugal force acts on the moving fluid. Owing to the secondary flow occurrence
in the planes normal to the major flow within helical structures, the heat transfer in
helical tubes has long been established to be much higher than in the straight ones.
In the heat transfer augmentation, helical tubes display great efficiency, whereas the

16



uniform curvatures of the spiral structures in heat exchangers are uncomfortable in
the installation of pipe. The authors also introduced their tube & shell heat
exchangerS construction with the enhanced heat transfers. The current paper aimed
to evaluate the impact of the modification of the surface on the completion of the
coefficient and quality. The tests of the steady-state heat transfers have been
conducted. For turbulent and laminar flow, both of countercurrent and co-current-
flow arrangements, test data points were obtained. The number of transfer units
analysis applied to the shell-side authors to find optimum heat transfer intensification
[38].

A. Siddique Ahmed Ghias et. al. 2016 [39], the numerical work and the experimental
investigation of properties of the coil heat transfers in heat exchangers of the shell.
Using FLUENT, the numerical study of the heat exchanger has been done. The
impacts of the changes in the tube shape on heat transfers were investigated. For the
current issue, the helical coil has been manufactured and designed. The distinction
between this and previous studies is that the coil geometry is unique. Previous studies
have just used a single helical coil stretch, but there are two helical coil sets linked
by a narrow straight tube in this case. The designed heat exchanger is a counter-
following arrangement to optimize the amount of heat transferred. During the
experiments, the rate of flow of shell side was kept constant with varying the side
flow rates for each tube and the readings have been collected for various
temperatures. To take values of the convective coefficient of heat transfers, the
Wilson plots have been plotted. The findings showed that the values of the number
of Nusselt and the friction factor were within reasonable theoretical value limits.

2.3 Effect of Single & Double-Glazing

In the thermal energy form, the solar energy derived from the sun can be converted
into usable energy. The solar flat plate collector is 1 of the most powerful methods
of heating water. Also, for domestic as well as industrial applications, this heated

water can be used. Collector efficiencies depend on different parameters, like the
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glass cover number, the collector area, the velocity of winds, and the overall
coefficient of top heat loss. However, the traditional solar flat plate collector has
been enhanced with double glazing arrangements to decrease top loss heat transfer
coefficients and maximize heat transfer. The adapted solar collectors have been
installed at a 12-degree latitude angle facing north-south directions. The assays were
conducted from 10:00 to 16:00 hrs under the thermosiphon theory. The current
results exhibit that the heat transfer coefficient has slightly decreased overall top
losses and 68 percent collector efficiency has been obtained. Also, the flow pattern

was investigated using the analysis of CFD [40].

J. Manikandan and B. Sivaraman, 2016 [41], evaluated experimentally the efficiency
of DGFPSWH (the double glazed flat plate solar water heaters), and SGFPSWH (the
single glass flat plate solar water heaters). As flat absorber plates, galvanized Fe
sheets (1.420 x 0.70 m2) were used. For SGFPSWH, a glass plate of the same size
has been employed as a top cover and for DGFPSWH, 2 glass plates of the same size
with a gap reached 2 cm have been employed as glass plates employed to shield the
heat loss from absorber plates to the atmosphere. The DGFPSWH and SGFPSWH
performance at various rates of mass flow (0.0125, 0.00830, 0.0041 kg/s) have been
done and recorded. The thermal efficiencies are found to be lower for the SGFPSWH
than the DGFPSWH.

H.Vettrivel and P.Mathiazhagan, 2017 [42], performed an experimental study to
decrease the overall top loss heat transfer coefficients and enhance the efficiency of
solar collectors. To evaluate the overall top loss heat transfer coefficient (Ut), the
double glaze method has been implemented and gaps between absorber plates and
the glass covers (1) and the glass covers (2) have been optimized. Solar flat plate
collectors with the double and single glazing were produced with the same
dimensions & mounted at the 12th-degree latitude angle facing the direction of N-S.
The test with the thermosyphon theory was performed between 10.00 AM and 4.00
PM. The results indicate that, relative to single glazing devices of the same solar

strength, the efficiency of double glazing is greater. The higher efficiency is due in
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double glazing devices to the reduction in the average top loss heat transfer

coefficients.

Moreover, based on the above literature, it can be candidly seen that there were few
studies fixated on evaluating the performance of the integral solar collector storage
devices ISCS, and a more in-depth investigation is required. Thus, it is useful for
evaluating the thermal efficiency of ISCS devices using different configurations of
heat exchangers that are immersed into its slanted, thermally insulated enclosure. On
the other hand, an experimental study is also required to demonstrate the effect of
single and double glazing layers of the ISCS enclosure on the heat storage capacity
as well as the transfer of heat by natural convection of the device of solar water
heating from the enclosure to the heat exchanger at the discharge.

19






CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Introduction

The investigation of the tests has been done to evaluate the effects of the heat
exchangers types (straight tube and coiled tube) immersed in a storage enclosure as
well as the single and double glazing factor of the enclosure on natural convection
heat transfers within systems of solar water heating. To meet these experimental
objectives, accustom-made apparatus is designed and installed and a detailed

experimental procedure is presented as characterized in the next sections.

3.2 Experimental Apparatus

Figures 3.1 & 3.2 shows the Experimental Apparatus consist of seven parts explained

as follows:

Figure 3.1: Front view of the ISCS experimental apparatus.
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Figure 3.2: Side view of the ISCS experimental apparatus.

3.2.1 The Storage Enclosure

The enclosure is a rectangular Galvanized sheet iron (corrosion resistible) with a
thickness of 1.5 mm. The inside dimensions of the enclosure are 122cm (width) x
94cm (length) x 11cm (depth). The top side (front plate) of enclosures was the
removable door through which the instrumentation and heat exchanger was mounted.
However, the ports enclosure (0.5 mm diameter) for the thermocouples insertion are
located along the bottom face. An additional Port with a diameter of 25 mm is used
to drain the enclosure. The big upper face is used as a base of the glass facing solar
rays. The internal surfaces of enclosures are painted with a black paint that absorbs
waves of solar radiation and reflects the long waves. Figures 3.3 & 3.4 show the

storage enclosure.
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Figure 3.3: Demonstrates the storage enclosure.

Figure 3.4: Close view of the position of the glass in the enclosure.
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3.2.2 Removable Door

The removable door is made from the same metal as the enclosure. It is used to insert
the heat exchanger inside the storage enclosure and there is a valve that controls the

flow of water into the enclosure and contains a slot for air ventilation from the

enclosure during fill-up as shown in Figure 3.5.

Figure 3.5: The removable door.

3.2.3 The Enclosure Inclination Base

The inclined base is manufactured to give the desired degree of inclination of the

enclosure which is about 45° depending on the Baghdad latitude. The base consists
of an angular steel plate with dimensions of 6 mm (thickness) and 6 cm (width) and
its height from the Earth's surface is approximately 1 meter as shown in Figure 3.6.
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Figure 3.6: Inclination Base.

3.2.4 The Insulation

The heating element and enclosure are insulated from the bottom and all peripheral
sides for minimizing the heat loss from enclosures. The insulation has a low
conductivity and consists of two layers with different thicknesses; the first layer is
polyolefin foam (Thermo break) 5 cm thick and the thermal conductivities reach
0.032 W /m.K. While the second layer is Aluminum-foil with emissivity reaches
(0.02). The plywood box with the thermal conductivities of 0.19 W / m.K fixes the
enclosure reduces the heat loss from the bottom and peripheral sides of the enclosure
as shown in Figure 3.7.

Figure 3.7: Insulation.
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3.2.5 Water Storage Tank

The tank of water storage was mounted to provide water to heat exchangers as a
water delivery source. The tank is in the cubic form of one m*. It is made from plastic
and insulated by fiberglass 2cm (thickness). Figure 3.8 shows the water storage tank.

£ - 23

Figure 3.8: Water storage tank.

3.2.6 Glazing

Figure 3.9 shows the glass — type (hardening window glass) fixed on the wooden box
front face. It is 6 mm thick and has dimensions of 1.25m X 0.98m with a reflection

percentage or poor refraction and a high degree of transparency.

B

——

Figure 3.9: Hardening window glass.
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3.2.7 Pump

Figure 3.10 exhibits the pump with two speeds work, frequency (50HZ) and voltage
(230V) that is employed in this research. The pump has been employed for continuity
of flow into the heat exchanger of the integral solar collector storage at a fixed flow

average.

Figure 3.10: The pump.

3.2.8 The Heat Exchangers

Two heat exchangers are used. The first heat exchanger is the straight tube, while the
second model is the coiled tube. The tubes of the heat exchanger used in the present
research are made from copper material with thermal conductivity 0f386 W/m.oC
for each heat exchanger type. The straight tube configuration consists of a horizontal
and two vertical tubes mounted into the enclosure. The horizontal tube is 2000 mm
(long) x 23mm (inner diameter) x 25mm (outer diameter) and each vertical tubes is
11.6 cm (long) x 23mm (inner diameter) x 25mm (outer diameter). The coiled tube
configuration consists of a horizontal coil tube and two vertical tubes mounted inside

the enclosure. The horizontal tube is 1000 mm (long), the diameter of the roll is 80
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mm, and the outer and inner diameter of the pipe of the coil is 9.2 mm and 8.7 mm
respectively. Each vertical tubes is 11.6 cm (long) and the outer and inner diameters

are 9.2 mm, 8.7 mm respectively as seen in Figures 3.11 & 3.12.
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Figure 3.12: Coiled tube.

3.3 Measurements and Instruments

3.3.1 Temperature Measurements

Figure 3.13 exhibited the chromel-constantan known Type-K thermocouple
employed for measuring the temperatures of the inlet & outlet water flowing inside
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heat exchangers as well as temperatures of water stored inside the ISCS set-ups. The

thermocouples are distributed as flows:

Figure 3.13: Type — K thermocouple.

1. (21) Ports with a diameter of 5 mm are distributed at the bottom face of the
enclosure for insertion of thermocouples inside of the enclosure for
measuring temperatures of water at various points. 9 thermocouples are
situated in the midline (y-z) in enclosure (x=0), while twelve thermocouples
are located along horizontal lines in a mid-plane (y-z) (x = 0) of (z= 47 cm)
as shown in Figures 3.14 & 3.15. To prevent water leakage from the ports of

thermocouples, epoxy resin is used.

Figure 3.14: How to put thermocouples.
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Figure 3.15: Thermocouples are located along horizontal lines in a mid-plane(y-z)
(x=0) of (z= 47 cm).

2. Temperatures of water surrounding the tube heat exchanger are assumed with
two thermocouples probes placed at (180°) increment (120 mm) on outside
tube walls. However, to calculate the wall tube temperature (Tw), 2 thermo-
couples are fixed at (180°) increment in (1.1 mm) deep on the wall of the

tube. As shown in Figure 3.16.
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Figure 3.16: Water temperatures surrounding the tube heat exchanger.

3. Two thermocouples are employed for measuring the water temperature at the
outlet and inlet water flows within the tube heat exchanger.

4. Thermo-couple employed for calculating temperatures for surrounding.

5. Thermo-couple employed for calculating temperatures of the enclosure from
bake.

6. Thermocouple used to calculate temperatures of insulation.

7. Thermocouple used to calculate temperatures of the first glass.

8. Thermocouple used to measure the temperature of the second glass.

3.3.2 Temperature Recorder

Thermo-couple measurements were taken and transmitted to a computer via the
temperature recorder (Appellant AT4532x) 32-128 channels (USB disk storage), the

specifications of it shown in Figure 3.17 and table3.1.

Figure 3.17: Temperature recorder.
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Table 3.1: The specifications of the temperature recorder.

Graduation | Thermo-couple /K/T/E/SIN/B/R

Ranges -200 °C t0~1300 °C (Varying depends on the graduation)
Accuracy 0.2%+1°C
Channel 32channels; Can be expanded to 128channels

The resolution | 0.1°C

The speed Fast100 MS/ channel Medium : 500 MS/ channel Low :
1second/channel

Comparator | High/low beep Individual setting high/low value for all channels

The Autocorrect for all channels (Auto Calibration)
correction

The interface | ATS45 data acquisition software

RS232C interface U-disc interface USB communication interface

Cold Junction | Accuracy:0.5°C

Power : 10 VA, Frequency : 50 Hz/ 60 Hz, Voltage 85 VAC to~260
VAC

Broken thermo-couple checking function, TFT-LCD True-color LCD

ATS45 data acquisition software, AT4532: K thermocouple 32
teams(2m/team)

21.6cm(Width)x30cm(Depth) x8.8cm(Height) , 3 kg

3.3.3 Flow Meter

The flow meter seen in Figure 3.18 during the experimental work was employed to

calculate the water flow rate. With a precision of £5 percent, the range flow meter is

0.5-4Lpm.

Figure 3.18: Flow meter.
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3.3.4 Solar Power Meter

Figure 3.19 exhibits the measuring device of solar radiation intensity (digital meters
of solar powers), (sp216 model, Make —EZDO -Electronical Electronics), accuracy
(=5 %), Range 12000 (w/m?). The solar collector was positioned at the same angle

(45 °) to measure the strength of radiation over the length of the test.

| -
=

lar Power Meter |

o SP-216
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- 32 ‘

Figure 3.19: Solar power meter.

3.4 The Calibration of Measuring Devices

3.4.1 Thermocouples Calibration

Both thermo-couples have been measured for comparison at the boiling point by
attaching 1 end of the thermocouple to the digital thermometer & the other end within
water & deionized water. The wapter has been put in the bowl and the heat source
has been concentrated on bowls. When water starts to boil, the thermo-couple has
been put to calculate boiling degrees. It must be noticed that degrees of deionized
water boiling (100 ° C) & degrees of inertia of water (zero ° C) has been employed

and degrees of boiling of water were (one hundred ° C) from experimental tests, and
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then the relation is provided between thermo-couples and it has been observed that

for thermocouples there is no temperature difference.

3.4.2 Calibration of Flow Meter

The used flow meter to calculate the rate of liquid flow (Lpm) was calibrated by the
stopwatch and graded glass cylinder. The rate of volume 0.5,1 and 2 L /min was

employed in the calibration of the flow meter as seen in Figure 3.20 below with the

next steps:

After passing the flow meter, the volume of water has collected in the graded
cylinder reads 1 Lpm, recorded by the watch during the known time reaches 60 sec.

By dividing the volume by time, the rate of volume flow is given.

.......

# Flow Meter Reading

3000 m ldea| Reading

3
=
[=

1000

20 40 60 80 100 120 140

Figure 3.20: Calibrating the flow meter.
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3.5 Experimental Procedure

However, before completing the tests, the next preparations have been done as

below:

1) The (ISCS) has been filled with deionized water and it has been oriented to
the south (by the compass) with the tilt angle reached =45° in the city of
Baghdad at 44.3° longitudes and 33.2° latitude.

2) The pump was linked from 2 sides, exterior from the lower of storage tanks
and interior to the flow meter then to the solar collectors for ensuring that the
rate of flow isn’t altered

3) The thermo-couples have been linked to a temperature recording device to
measure the temperature at various points through tests.

4) The thermocouples were connected to a temperature recording device to
measure the temperature at various points through tests.

At the current stage, the setup of the test is ready for completion with the next test

shown in the chart below.
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Figure 3.21: Chart of all experiments.
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3.6 Summary

The current chapter aims to illustrate details of the work of tests that involves the
assembly setups of tests, the devices calibration, preparation of nanofluid, and
procedures of tests. Finally, a detailed illustration of how to complete the tests has

been reported. The experiments plan involves:

1) The main aim of the current study is to check the natural-convection heat
transfer performance of the integral solar-collector storage, in which the heat
exchangers in the straight/coiled tube form is integrated immersed in the
solar collector, which is tilted at 45 degrees, and filled with a base fluid
(water).

2) Study the impact of the change of flow rates inside heat exchangers.

3) Study the effect of single & double-glazing.

4) Developing dimensionless, empirical heat transfer relationships for water
heating and solar energy storage systems.

5) Rationalize the use of electrical power.
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CHAPTER 4

THEORY OF ISCS FORMULATION

4.1 Introduction

The practical experiments conducted in this research aim for studying heat transfer
using natural convection through a single smooth tube and smooth coiled tube heat
exchangers, which are immersed separately in a tilted enclosure. The efficiency of
each heat exchanger was evaluated at different values of thermal flux and the non-

dimensionless relations were determined based on the following calculations.
4.2 Calculations

4.2.1 Calculate Total Heat Rate Transmitted to The Heat Exchanger

Qu =m Cp(To — T;) (4-1)
All properties of water have been completed at the average temperatures

_ (To+Ty)

T ave — T 5, (4'2)
4.2.2 Calculate The Reynolds Number For The Heat Exchanger

R, = % (4-3)

The water velocity within the FPSC can be determined using the next formulae:

Uin= - (4-4)

As

q="2 (4-5)
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As = % Din2 (4'6)

4.2.3 Calculate The Heat Transfer Coefficient
_ Qu .
h - D gpeL(Ts—Ty) (4 7)

— (Dot Di)

D
ave 2

(4-8)

4.2.4 Calculate The Nusselt Number

The number of Nusselt represented the heat transfer enhancement during the fluid

layer as a result of convection relative to conduction across a similar fluid layer.

_ h Dgye
K

Nu (4-9)

4.2.5 Calculate The Rayleigh Number

The number of Rayleigh was the number of dimensionless, which described the

relationship between viscosity and between buoyancy within the fluid

Ra — g B(dave) ATswcos0 (4_10)

va

4.2.6 ISCS Thermal Efficiency

Thermal efficiencies of SCSI is the useful heat gain ratio to total input energies. It

can be determined from the next formula [45-46]:

_ [Energy Gaind]
Stord Heat

(4-12)
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Qi = Mgy, Cp (AT gye—En.) (4-12)

4.2.7 Collector Energy Losses

Most of the solar radiation in systems of the solar thermal was absorbed using solar
collectors and converted to the working fluids then employed as usable energy,
although some of the absorbed heat was typically lost to the atmosphere by various
modes of heat transfer (convection, conduction, and radiation) as seen in Figure
4.1A. The ISCS back temperature was(Ty,), the plate temperature is (T,,) and the
absorbed solar radiation was S. Figure 4.1B exhibited the losses of heat from the
solar collectors can be collected into the simple resistanceR;, so that the losses in

energy from collectors can be done as below:
Tp—Ta
QLoss = R_L = ULAC(Tp —Tq) (4-13)
ULoss = Uto + Upo + Ueq (4-14)

It must be noticed that each heat-transfer loss coefficient was separately calculated

and Figure 4.1 didn’t exhibit the edge losses.
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Figure 4.1: Thermal networks of the single cover SCIS in terms of (A) convection,
conduction, and radiation (B) resistances among the plates, and (C) the simple

collector networks [43].

4.2.8 Calculate The Top Losses Energy of The ISCS

Qtop loss = Ut Ac(Tp - Ta) (4-15)

For designing the aims with sufficient accuracy, the (U,) coefficient of top heat-

transfer loss can be evaluated using the next empirical formula (Klein, 1975) [43]
1 o (TE+TE)(Tp+Tq)
UtO. = + 1

0.33 2Ng+f-1
Ng|[Tp—Ta 1 [ ]+[ ]—N
Tz[[ Ng+f ]] +m &p+0.05 Ng(l—sp) £g g

p

(4-16)

The correction factor (f) of the coefficient of heat transfer using wind was evaluated
using the next equation:
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f = (1 —0.040 hy,; + 0.00050 hZ,) (1 + 0.090 Ng) (4-17)

The correction factor (c) of the tilt angle coefficient was evaluated using the next

equation:
C = 365.90 (1 — 0.00830 8 + 0.00012980 5?) (4-18)

According to the literature, there was no well-established research work done on the
evaluation of the coefficient of wind-heat transfer, thus, the equation of (4-19) can
be written as the following formula (h,, =5 W/m 2. °C).

_ 8.6xV06

hy, o (4-19)
4.2.9 Calculate The Bottom Losses Energy of The ISCS
Qpbo. = Upo. Ac(Tp - Ta) (4'20)

It must be remembered that the loss of energy was only transmitted using the
combination of infrared radiation and convection during the insulation material via
conduction and into the ambient air. The loss of energy can therefore be determined
by the next formula, assuming that the radiation term (h.;_,) is ignored since the

casing bottom temperature is low :

1

Ubot. = 5pg 5 — (4-21)
kpa. hc,bo—a
4.2.10 Calculate The Edge Losses Energy of The ISCS
Qea. = Uea Ac(Tp - Ta) (4-22)

The loss of energy from the collector plate’s back surface has been recorded to rarely

surpass 10 percent of the upward loss [43]. Typical values are 0.3-0.6 W/m? K for
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the coefficient of back surface heat loss. Likewise, the heat loss coefficient of the

collector edges was expressed as below:

1
ted 1
ked. hc,ed.—a

Ued = (4-23)
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CHAPTER 5

RESULTS & DISCUSSION

5.1 Introduction

The current chapter presents experimental results of the performance of integral solar
collector storage (ISCS) system using two types of heat exchanger (straight tube and
coiled tube) with single and double glass layers of the enclosure. The effect of the
rate of fluid flow (1.0, 1.5, 2.0, and 2.5 LPM) on the efficiency of ISCS is evaluated
during the day and night times, and the non-dimensional relationships are formulated

for the following cases:
1- Heat exchanger (straight tube) with single glass layer of the enclosure STSG.
2- Heat exchanger (coiled tube) with single glass layer of the enclosure CTSG.

3- Heat exchanger (coiled tube) with double glass layer of the enclosure CTDG.

5.2 The ISCS System Temperatures

Temperature is the measure of kinetic energy produced by the motion of particles.
However, temperature differences of working fluids at the outlet and inlet of heat
exchangers and the temperature distribution in the enclosure are experimentally

studied as follows:

5.2.1 The Temperature Difference (AT)

The difference of temperature of the outlet & inlet water to the submerged heat
exchanger in the enclosure depends mainly on the flow rate of water entering (to be
heated) within heat exchangers; the lower the quantity, the greater the temperature

difference gained. That is, the average temperature difference will be the higher rate

45



at low flow (1 LPM) in all experiments for all studied cases due to longer residence
time of water inside the heat exchanger as shown in Figures 5.1 and 5.2. . The CTDG
exhibited higher temperature difference (28 C and 19.9 C) during the day and night
times, respectively) then (19.4 to 11.4 C) for CTSG and (12 to 7.3 C) for STSG
during the day and night times, respectively. From Figure 5.2, it was noticed that in
the evening times, the temperature difference continues for late nights. This indicates
that the thermal storage capacity varies from case to case. The highest thermal
storage capacity was given by the CTDG case where the temperature difference was
(11.7 C) for the rate of flow reached (1 LPM) at (02:20) compared to 0.5 C and 2.6
C for CTSG and STSG, respectively. This is because the CTDG uses double glasses
with a distance of 10 mm between them, this gives a high thermal resistance that is
used as an insulator [50], so the heat loss from the upper face is slow compared to
other cases, and although the heat exchange is good in that case, the temperatures
around the enclosure were high. The thermal performance of CTSG was better than
that of STSG since the length of the coiled tube was larger than that of a straight
tube, which makes water acquiring more heat from the hot water stored in the

enclosure that is heated by the sun.
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Figure 5.1: Temperature difference with time during the discharge test from 12:00
to 14:45 Daytime for all cases STSG, CTSG, and CTDG at various rates of flow
(1.0,15,2.0,and 2.5 LPM).
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Figure 5.2: Temperature difference with time during the discharge test from 19:00
to 02:20 Nighttime for all cases STSG, CTSG, and CTDG at various rates of flow
(1.0,15,2.0,and 2.5 LPM).
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5.2.2 The Temperature Distribution (T1-T10 and T18-T20) in the Enclosure

Figure 5.3: showing placement of the thermocouples, indicated by solid circles and
identified by number. Figures 5.4 to 5.9 presents the temperature distribution for the
water inside the enclosure. Since the temperature difference was highest at 1 LPM
flow rate, the temperature distribution will be studied all over the enclosure for all

cases at this flow rate.

Figure 5.4 involves the obtained data from all thermo-couples in enclosures as a time
function for the STSG case. However, the temperatures were somewhat uniform
except near the straight tube within the thermocouple reading (T20). This uniformity
is near the back of the enclosure within the two thermocouples reading (T7, T8),
where the temperature difference range was (1-3 C) for the water temperature inside

the enclosure for all cases.

Compared to the STSG case, the CTSG and CTDG cases also showed uniform
temperature distribution except for a relative irregularity for the thermocouples tube
(T20) located near the heat exchanger as well as (T7) and (T8) as shown in Figures
5.5 and 5.6. The irregularity for the STSG case is less than the CTSG and CTDG
cases due to the difference in temperatures surrounding the tube from the water
temperature entering the tube; the greater differences, the greater the heat transfer
from the enclosure to the tube. This is due to differences in the density of the water
surrounding the tube from another experiment. The change in density leads to a
greater buoyancy force, which causes the water to circulate the tube and the part of
the fluid with heavy density (cold water) descends to the bottom, which causes

irregularities near the back of the enclosure.

Figure 5.7 reveals that the heat exchange continues with high efficiency when using
the case CTDG, and its continuation until after 02:00, and this indicates that the
thermal storage, in that case, is much higher than in other cases due to the use of

double glass as mentioned in the previous paragraph 5.2.1.
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From Figures 5.8 and 5.8, it was noticed the same temperature gradient during the
draining process at daytime, but the observation that can be seen is that the time it
took for the CTSG case to reach a steady-state is less than the time for the STSG

case.

Figure 5.3: Showing placement of the thermocouples (T1-T10 and T18-T20),

indicated by solid circles and identified by number.
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Figure 5.4: The temperature distribution (T1-T10 and T18-T20) in the enclosure
with time for the case STSG. During the discharge at Daytime from 12:00 to 14:45,
at a flow rate of 1 LPM.

54 oT1
52 T2
O 50 E s 3 T3
24 2= 8 . ¢ T4
g 46 ) e ! v 9 x TS5
R I R g

£ i é .
=42 - . P & _Ts
40 T By eTo
38 - - B 110
36 mT14
8 8 8 ¥ 8 & 8 f 8 & 8 X eT18

AN AN [9V} AN o o o™ o™ <t < <t <t

A H A H 9 d9 49 A9 A 9 A oA T19
Time (hours) T20

Figure 5.5: The temperature distribution (T1-T10 and T18-T20) in the enclosure
with time for the case CTSG. During the discharge at Daytime from 12:00 to
14:45, at a flow rate of 1 LPM.
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Figure 5.6: The temperature distribution (T1-T10 and T18-T20) in the enclosure
with time for the case CTDG. During the discharge at Daytime from 12:00 to
14:45, at a flow rate of 1 LPM.
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Figure 5.7: The temperature distribution (T1-T10 and T18-T20) in the enclosure
with time for the case CTDG. During the discharge at Nighttime from 19:00 to
02:20, at a flow rate of 1 LPM.
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Figure 5.8: The temperature distribution (T1-T10 and T18-T20) in the enclosure
with time for the case CTSG. During the discharge at Nighttime from 19:00 to
02:20, at a flow rate of 1 LPM.
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Figure 5.9: The temperature distribution (T1-T10 and T18-T20) in the enclosure
with time for the case STSG. During the discharge at Nighttime from 19:00 PM to
02:20, at a flow rate of 1 LPM.
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5.2.3 The Temperatures Near the Heat Exchanger (Tsl and Ts2)

Figure 5.10: Showing placement of the thermocouples near the heat exchanger.
Figures 5.11 and 5.12 show the temperature distribution near the heat exchanger
STSG. The data indicate the lightly hot area above the heat exchanger and the cold
plume coming down from heat exchangers. It was noted that the measured water
temperature below the exchanger of heat (The thermocouple Ts2) is (1.5 C) cooler
than the thermocouple above heat exchanger (Tsl) during the day and (0.6 C) at
night, and it was (0.1 C) hotter than the temperature of the water near the heat
exchanger (T20) during the day and night times. This indicates that there is a slight
gradient in the density of water near the exchanger of heat due to changes in
temperatures near the exchanger of heat and, thus the heat exchange between the
enclosure water and the heat exchanger. Temperatures near the heat exchanger are
higher by (4 C) during the day and (3 C) at night times, from those that were
calculated in the bottom and middle part of the enclosure. This indicates that there
is a good gradient of water density in enclosures due to the temperature change at
the top, middle, and bottom, which leads to coming down of the cold plumes from
the tube heading towards the bottom, which works to circulate the water in the
enclosure, and the water at the top, bottom and sides of tubes maintains its relative
temperature throughout the experiment [44]. In comparison with the use of CTSG
and CTDG, it was found that the residence time of the hot zone located in the heat
exchanger increases from the case of CTSG to CTDG due to the finding of double
glazing layer, which increases the rate of heat transfer as shown in e Figures 5.13,
5.14,5.15 and 5.16.
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Figure 5.10: Showing placement of the thermocouples near the heat exchanger.
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Figure 5.11: The temperatures near the heat exchanger (Ts1, Ts2, & T20) with time
for the case STSG, during the discharge at Daytime from 12:00 to 14:45, at a flow
rate of 1 LPM.
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Figure 5.12: The temperatures near the heat exchanger (Tsl, Ts2, & T20) with time
for the case STSG, during the discharge at Nighttime from 19:00 to 02:20, at a flow
rate of 1 LPM.
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Figure 5.13: The temperatures near the heat exchanger (Tsl, Ts2, & T20) with time
for the case CTSG, during the discharge at Daytime from 12:00 to 14:45, at a flow
rate of 1 LPM.
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Figure 5.14: The temperatures near the heat exchanger (Tsl, Ts2, & T20) with time
for the case CTSG, during the discharge at Nighttime from 19:00 to 02:20, at a
flow rate of 1 LPM.
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Figure 5.15: The temperatures near the heat exchanger (Tsl, Ts2, & T20) with time
for the case CTDG, during the discharge at Daytime from 12:00 to 14:45, at a flow
rate of 1 LPM.
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Figure 5.16: The temperatures near the heat exchanger (Ts1, Ts2, & T20) with time
for the case CTDG, during the discharge at Nighttime from 19:00 to 02:20, at a
flow rate of 1 LPM.

5.2.4 The Temperatures along the Horizontal Line at the Center of the
Enclosure (T11-T17)

Figure 5.15 exhibits the site of the thermo-couples (T11-T17) in the middle of the
enclosure. These thermocouples have been placed to find out the details of the natural
convection heat transfer and how the fluid is effectively circulated with buoyancy
force. Since the largest temperature difference was at the flow (1 LPM), so these

temperatures will be studied with all cases at this flow during day and night times.

Figures 5.16, 5.17 shows a graph of the readings of the seven thermocouples (T11-
T17) along the horizontal line in the enclosure center during the day and night times,
respectively for the case STSG, where it is noticed that the water on the bottom

surface (T17) of the enclosure is slightly colder than other locations indicating the
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coming down of cold plumes to the bottom as the highest temperature difference
between the thermocouple readings at the nearest location from the bottom (T17)
and the rate of the other six thermocouples (from T11 to T16) is less than (2 C) &
the rate difference was (1 C). From this difference, it is concluded that the cold water
coming from tubes runs along the enclosure’s bottom surface heading towards the
enclosure back. Compared to the CTSG and CTDG cases as shown in Figures 5.18
5.19, 5.20, and 5.21 it is noted that the water on the bottom surface of the enclosure
is colder than other locations in the enclosure, but the difference is that the amount
of coldness compared to the total liquid in the enclosure is greater concerning the
case CTDG than other cases, and the result of the cold plume descending is faster in
the current case. Temperature differences and the gradient of water density in the
enclosure lead to the formation of a vortex in the enclosure middle (due to the heat
transfer in natural convection). The highest temperature differences were between
the thermocouple readings near the surface OF bottom for the enclosure (T17) & the
readout of the other thermocouples (T11 to T16) is (2 C) for the CTSG case, while
itis about (2.5 C) for the CTDG case. The conclusion can be drawn as that cold water
coming from a tube is heading towards the bottom with different natural convection

rates for all cases.
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Figure 5.17: The location of the thermocouples at the center of the enclosure
(T11-T17).
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Figure 5.18: The measured temperatures at the center of the enclosure (T11 to T17)
with time for the case STSG, during the discharge at Daytime from 12:00 to 14:45,
at a flow rate of 1 LPM.
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Figure 5.19: The measured temperatures at the center of the enclosure (T11 to T17)
with time for the case STSG, during the discharge at Nighttime from 19:00 to
02:20, at a flow rate of 1 LPM.

60




51

| |
R 9 ¢ 8 T11
O 4 ¥ & T12
g * X T13
g 45 a
[<5) X | |
2 4 t 8 T14
@ X = =T15
41 X
Y = T16
39 X =
¥ B xT17
37 x
o Lo o Lo o Lo o Lo o LO o Lo
S 94 e ¥ & d & ¥ © «d o I
[9V} AN AN AN o o (90) o <t <t < <t
— — — — — — — — — — — —

Time (hours)

Figure 5.20: The measured temperatures at the center of the enclosure (T11 to T17)
with time for the case CTSG, during the discharge at Daytime from 12:00 to 14:45,
at a flow rate of 1 LPM.
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Figure 5.21: The measured temperatures at the center of the enclosure (T11 to T17)
with time for the case CTSG, during the discharge at Nighttime from 19:00 to
02:20, at a flow rate of 1 LPM.
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Figure 5.22: The measured temperatures at the center of the enclosure (T11 to T17)
with time for the case CTDG, during the discharge at Daytime from 12:00 to 14:45,
at a flow rate of 1 LPM.
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Figure 5.23: The measured temperatures at the center of the enclosure (T11 to T17)
with time for the case CTDG, during the discharge at Nighttime from 19:00 to
02:20, at a flow rate of 1 LPM.
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5.2.5 Glass Temperature

The temperature distribution of the glass layer for all cases during the daytime at the
discharge rate of flow of 1 LPM is presented as in Figure 5.22. The results show that
the glass temperature for the STSG case is close to the glass temperature of the CTSG
and CTDG cases. It must be noticed that the temperature of the inner glass is higher
than the outer one (8 C) for CTDG case because there is a resistance from the outer
glass that allows the entry of the solar rays and prevents the expulsion of the heat
outside, meaning that it acts as an insulator to prevent heat escaping outside the
collector from the upper face [51]. Which is led to an increase in the temperatures
inside the enclosure consequently. This leads to improvement of heat transfer by
natural convection, which reflects positively on preserving/storing heat for long
period during night times.
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Figure 5.24: The temperatures of the glass layer for all cases during the daytime at
a discharge flow rate of (1 LPM).
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5.2.6 The Ambient Temperatures (Ta)

The variation of the ambient temperatures with time at the discharge water flow rates
of (1.0, 1.5, 2.0, and 2.5 LPM) from 12:00 to 14:45 & from 19:00 to 02:20 of the all
cases STSG, CTSG, & CTDG was shown in Figures 5.23 & 5.24. The ambient

temperatures for all experiments are very close, which makes the comparison

relatively fair for all the experiments.
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Figure 5.25: Temperatures of ambient with time for all cases during the Daytime
(1.0, 1.5, 2.0, and 2.5 LPM).
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Figure 5.26: Temperatures of ambient with time for all cases during the Nighttime
(1.0,1.5, 2.0, and 2.5 LPM).

5.3 Heat Rates (Q)

The amount of heat is a measurement of the total internal energies of an object, that
is, it measures the kinetic energy resulting from the movement of particles in addition
to the energy stored in the bonds between the particles. The amount of heat depends
on the amount of water that enters the heat exchanger, as the higher the flow rate,
the greater the exchange of heat between the water surrounding the heat exchanger
and the water inside it, and this depends on the thermal gradient inside the enclosure
resulting from a change in the density of water as a result of exposure to solar energy
and the appearance of a temperature gradient on top and the bottom of enclosures
made the upper area hot, the middle cold, & the lower area cool. This works to move
the heat to the water inside heat exchangers. Although the temperature difference for

the high rate of flow is low, the increase in the rate of flow is much higher than the
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decrease in the temperature difference, which increases the amount of heat with the

increase in the flow.

The amount of heat varies from experiment to experiment and from case to case as
the amount of heat is higher in all flow rates for CTDG case because the amount of
heat gained from solar energy is higher than in the rest of the cases due to the
greenhouse impact from double glazing as shown in the Figures below 5.25 & 5.26,
where it was found that the highest amount of heat is at the flow of 2.5 LPM for
CTDG case (4282 J/s in the day & 3194 J/s in the night), while CTSG case gives
(2930 J/s in the day & 1702 J/s in the night) and the STSG case provides (1632 J/s
in the day & 1158 J/s in the night).
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Figure 5.27: The heart rate with time for all cases during the Daytime at water flow
rates of (1.0, 1.5, 2.0, and 2.5 LPM).
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Figure 5.28: The heart rate with time for all cases during the Nighttime at water
flow rates of (1.0, 1.5, 2.0, and 2.5 LPM).

5.4 Natural Convection Heat Transfer Coefficient (h)

The coefficient of film or, coefficient of heat transfer or efficacy of film, in
thermodynamics and mechanics, is the constant of proportionality between heat flow
and thermodynamic driving force of heat flow (like the difference of temperature,
AT) [53]. Through the definition of the heat transfer coefficient, it depends on the
heat amount transferred and the temperature differences between the surrounding
layer of the heat exchanger and its wall (Ts & Twy), where the lower the difference,
the higher values of the heat transfer factor. However, the difference depends on the
mechanism of circulation of the water inside the enclosure, which depends on the
raised temperature inside the enclosure resulting from exposure to solar radiation &
on the amount of water entering the heat exchangers. As the water flow rate, the heat
transfer becomes higher and thus the rotation enhances and thus reduces the

temperature difference for the layer near the heat exchanger. This indicates that the
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difference is in a state of more convergence because the rapid density of water layers
varies with increasing temperatures, and this generates something like a plume that
circulates water in enclosures from the top to bottom and vice versa. Figures 5.27
and 5.28 show that the highest amount of natural convection heat transfer coefficient
records at the flow of 2.5 LPM for CTDG case (8473 W/m2.C Daytime & 5591
W/m2.C Nighttime), while the heat transfer coefficients reach (5799 W/m2.C
Daytime & 3368 W/m2C Nighttime), and (3125 W/m2C Daytime &
2373 W/m2.C Nighttime) were reported for CTSG and STSG cases, respectively.
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Figure 5.29: The natural Convection Heat Transfer Coefficient with time for all

cases during the Daytime at water flow rates of (1.0, 1.5, 2.0, and 2.5 LPM).
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Figure 5.30: The natural Convection Heat Transfer Coefficient with time for all

cases during the Nighttime at water flow rates of (1.0, 1.5, 2.0, and 2.5 LPM).

5.5 The Results of Solar Radiation and Internal Energy

The internal energy of the water inside the enclosure is the intermediate source that
drives the condensed energy to the heat exchanger contained within the enclosure.
This energy was provided due to the solar energy applied to the solar collector SCIS
during the morning period from sunrise to the moment the discharge process began,
and since the collector is isolated from all sides, so the amount of the internal heat
of the water increased to reach twice the instantaneous solar energy, which is stored
energy we use for heat exchange [56]. Figures 5.29-5.40 show the amount of solar
energy, the temperature difference, and the amount of input energy for the STSG and
CTSG cases, where it is observed that the internal energy is close for both cases
because they were conducted using a single glazing layer and at the same operating
conditions. The CTDG case exhibited higher internal energy than the instantaneous

solar energy as well as higher than the internal energy of the two above cases because
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this case uses double glass that makes the two thermal resistors of the glasswork to

intensively trap the heat from the sun throughout the morning period.

Through the tests, it is evident that the incident solar radiation rises during the time
(12:00 - 14:45) with some fluctuations because of the finding clouds from time to
another time. After obtaining the temperature difference results, the highest
temperature difference in each case and at each flow rate coincides roughly with the
highest solar flood and the highest internal energy in most of the experiments.

Figure 5.41 shows the internal energy gradient at the discharge process during the
evening times, where the internal energy decreases as time passes for all cases due
to the absence of solar energy and the heat exchange continues. The internal energy
of the CTDG case is higher than the other cases due to the effectiveness of the double
glass where the largest energy was stored during the day. It was also found that the
continued presence of energy until 02:20 and indicates the large amount of energy

stored during the day times.

As for the internal energy of other cases, where the internal energy of the case CTSG
was observed to drop more rapidly than the internal energy of the STSG case,
especially after 12:20, due to that rates of exchange of heat are faster and higher for

CTSG, this made the energy storage of the case STSG continues more than CTSG.
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Figure 5.31: Show internal energy, solar energy, and temperature difference with

time on July 25, 2018, during the discharge time at a rate of 1.0 LPM, for the case
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Figure 5.32: Show internal energy, solar energy, and temperature difference with

time on July 26, 2018, during the discharge time at a rate of 1.5 LPM, for the case

STSG.
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Figure 5.33: Show internal energy, solar energy, and temperature difference with

time on July 27, 2018, during the discharge time at a rate of 2.0 LPM, for the case

STSG.
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Figure 5.34: Show internal energy, solar energy, and temperature difference with
time on July 28, 2018, during the discharge time at a rate of 2.5 LPM, for the case
STSG.
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Figure 5.35: Show internal energy, solar energy, and temperature difference with
time on July 29, 2018, during the discharge time at a rate of 1.0 LPM, for the case

CTSG.
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Figure 5.36: Show internal energy, solar energy, and temperature difference with
time on July 30, 2018, during the discharge time at a rate of 1.5 LPM, for the case
CTSG.
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Figure 5.37: Show internal energy, solar energy, and temperature difference with

time on July 31, 2018, during the discharge time at a rate of 2.0 LPM, for the case

CTSG.
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Figure 5.38: Show internal energy, solar energy, and temperature difference with
time on August 01, 2018, during the discharge time at a rate of 2.5 LPM, for the
case CTSG.
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Figure 5.39: Show internal energy, solar energy, and temperature difference with

time on August 02, 2018, during the discharge time at a rate of 1.0 LPM, for the

case CTDG.
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Figure 5.40: Show internal energy, solar energy, and temperature difference with

time on August 03, 2018, during the discharge time at a rate of 1.5 LPM, for the

case CTDG.
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Figure 5.41: Show internal energy, solar energy, and temperature difference with
time on August 04, 2018, during the discharge time at a rate of 2.0 LPM, for the

case CTDG.
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Figure 5.42: Show internal energy, solar energy, and temperature difference with

time on August 05, 2018, during the discharge time at a rate of 2.5 LPM, for the
case CTDG.
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Figure 5.43: Show internal energy with time on 25,26,27,28,29,30,31 July & 01.02,
03, 04, 05 August, 2018, respectively during the discharge time at a rate of 1.0, 1.5,
2.0, and 2.5 LPM, for the all cases. (Nighttime)

5.6 Efficiency

The Efficiency depends on the amount of solar energy-absorbing by the SCIS system
which is then stored and used at the need to heat the water flowing inside the heat
exchanger, taking in to account thermal losses from each side of collectors. . The
efficiency is evaluated for all cases during the day and night times. The day time
shows how efficient is the collector in acquiring the solar radiation, while the
efficiency evaluation during night time reflects the storage capacity as well as the

thermal efficiency.

In all classic solar water heating collectors (which use a copper sheet painted black
and welded to the tube that is used as a heat exchanger) depend on the fact that solar
energy is the energy entering the collector because it works to heat the water directly
by heating the plate and thus the amount of energy entering is the same as solar
energy.
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In our current research, a medium was used to store heat during the times when the
drain was not used, and this medium was the water inside the enclosure, where this
water in an isolated collector is exposed to solar radiation & its temperature increases
and remains to store the thermal energy until the start of the discharge. Therefore,
the energy entering the collector is the energy stored in the water because the heat
exchanger is immersed inside it, so it will be adopted in the efficiency law mentioned
in Chapter Four, through the relationship (4-5), internal energies of water inside the
collector was calculated using determining the average temperature difference

distributed inside the enclosure [56].

From Figure 5.42, it was observed that the coiled heat exchangers efficiency with
the use of double glass CTDG is higher than in other cases, reaching 84.5% at a flow
rate of 2.5 LPM, this indicates that the heat losses were less than the other cases and
the internal energy was high. On the other hand, the efficiency of the CTSG case was
calculated to be 68.8%, which higher than 41% for the STSG case at the rate of
flow of 2.5 LPM due to the use of a coiled tube instead of the straight tube heat

exchanger.

From Figure 5.43, it was found that all the cases have thermal storage that lasts for
varying hours during the evening depending on the used heat exchanger type.
Results exhibit that the thermal efficiency (77.8%) of the CTDG case at a water flow
rate of 2.5 LPM was higher than the efficiency (56.6%) for the CTSG case and that
(39.7%) for STSG case. This gives two impressions: the first impression is that the
heat storage capacity of the double glass enclosure is higher than single glass, and
the second impression is that the heat transfer is better for the CTDG case compared
to other cases. The decrease in efficiency for all types is due to the solar radiation
absence and the increasing in losses due to the low ambient temperatures surrounding
the ISCS system.
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Figure 5.44: The Thermal Efficiency at a flow rate of (1.0, 1.5, 2.0, and 2.5 LPM)

during the Daytime for all cases.
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Figure 5.45: The Thermal Efficiency at a flow rate of (1.0, 1.5, 2.0, and 2.5 LPM)

during the Nighttime for all cases.
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5.7 Non-Dimensionless Relationship between the Nusselt & Rayleigh Number

The non-dimensional relationship is considered as one of the pillars of the design of
the heat transfer systems, which expresses the effectiveness of the system and its
response/behavior to heat transfer. The dimensional relationship of the free natural
heat transfer system is expressed by the number of Nusselt as a function of the

number of Rayleigh.

Where the number of Nusselt is heat transfer ratio using the convection to heat
transfer by conducting water atoms [48], and it gives an indication of improved heat
transfer by free convection of water layers concerning heat transfer by conduction.
The results exhibit that the Nusselt number of the case of CTDG is better than that
of the CTSG case, and the last was better than the STSG case. This behavior indicates
that the transfer of heat using the natural convection overcomes the heat transfer by
conduction, meaning that the layers of water transfer heat faster and larger than the

heat transfer between the water atoms.

The Rayleigh number depends on the flow driven by the force of buoyancy, which
is produced in the case of transfer of heat by the natural convection & it is defined
as a ratio between the force of buoyancy to the strength of viscosity [49], that is,
raising the water temperatures inside the enclosure leads to a change in the densities
of the water layers that work to reduce the viscosity of hot regions, which in turn to
has the high buoyancy force that moves water layers in a circular motion inside the
enclosure. The increase in heat of the layer surrounding the heat exchanger enhances
the heat transfer to the heat exchanger. | was noticed that the Rayleigh numbers of
CTDG case are higher than those of other cases because the thermal confinement is
high, which leads to an increase in the temperatures inside the enclosure with the
presence of the Coiled Tube model that accelerates the transfer of heat (due to
increase in its surface area), that makes the presence of a circular movement inside
the enclosure due to the high buoyancy force possessed by the hot layers due to the

weak strength of the viscosity.
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To find this dimensionless relationship, the Statistica program is used the data is
filled in. The “Advanced Linear/Nonlinear” is activated from which the “Nonlinear
Estimation” is chosen. After that, the shape of the relationship to be drawn
Nu=C*Ran [36] was expressed, then the “Gauss-Newton” method was chosen.

Finally, the relationship is plotted to find the resolution ratio R.

The results exhibited that the highest compatibility between the number of Nusselt
and the Rayleigh number is was determined for CTDG case as shown in Figures
5.46-5.47, which show that number of Nusselt increases with an increasing number
of Rayleigh, where the resolution ratio was 96.6% during the day and 92.7% at night.
This gives a clear indication of the preference for the natural convection heat transfer,
i.e. whenever natural convection heat transfer overcomes conduction heat transfer, it
is matched by overcomes of buoyancy forces over viscosity. Whereas, the weakest
compatibility between the number of Nusselt and the number of Rayleigh was
observed for the STSG case as shown in Figures 5.48-5.49 where the resolution ratio
was 72.7% during the day and 60.9% at night. In addition to that, the compatibility
began to improve for the CTSG case as shown in Figures 5.50-5.51, where the

resolution ratio was 88.5% during the day and 79.9% at night.
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Figure 5.46: Non Dimensionless relationship of CTDG at Daytime. Where the form
of relationship is: Nu = 0.150474Ra%*47%55 6X10° Ra 2X107 R= 96.6%.
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Figure 5.47: Non Dimensionless relationship of CTDG at Nighttime. Where the
form of relationship is: Nu = 6.121Ra%?1® 2X10° Ra 6X10° R=92.7%.
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Figure 5.48: Non Dimensionless relationship of STSG at Daytime. Where the form
of relationship is: Nu = 0.0000691Ra%%°8° 6X10* Ra 2X10° R=72.7%.
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Figure 5.49: Non Dimensionless relationship of STSG at Nighttime. Where the
form of relationship is: Nu = 3.3761Ra%2¢% 3X10* Ra 1X10°> R= 60.9%.
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Figure 5.50: Non Dimensionless relationship of CTSG at Daytime. Where the form

of relationship is: Nu = 0.05051Ra%¢%® 1X10° Ra 1X10° R= 88.5%.
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Figure 5.51: Non Dimensionless relationship of CTSG at Nighttime. Where the
form of relationship is: Nu = 1.696Ra%2%! 8X10* Ra 8X10° R=79.9%.
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CHAPTER 6

CONCLUSIONS & RECOMMENDATIONS

This study presents the initial measurements of transfer of heat using the natural
convection in different types of heat exchanges that are immersed in a rectangular,
slanted, and thermally insulated enclosure employed for systems of solar water
heating. . The effects of heat exchanger types, the rate of water flow inside heat
exchangers, and the glassing layer are experimentally studied. The results are
represented by temperature distribution, efficiency, and empirical groups for all
cases (STSG, CTSG, and CTDG).

6.1 Conclusions

1. The temperature measurements of the water in enclosures allow the
identification of the free-convective heat transfer field from enclosures to
heat exchangers. The highest temperature difference with using CTDG 28 C
in the daytime and 19.9 C at nighttime.

2. The amount of heat transported to a tube within any level of the initial thermal
alignment leads to the descent of a cold feather from the tube to the back of
the enclosure that this feather leads to a rotational movement in the fluid,
which helps to fully mix in the middle part of the enclosure.

3. Using water as a medium for transmission and heat-storing in this type of
solar water heaters gives a high preference over traditional heating collectors.

4. The internal energy of the water inside the enclosure is much higher than the
solar energy, and this is what raises the donor energy to the heat exchanger

and provides thermal storage for evening times.
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5. The efficiency of the collector using the heat exchangers in the coiled tube
and double glass (CTDG) form is higher than those in other cases (STSG and
CTSG). The efficiency is 84.5% at daytime and 77.5% at nighttime.

6. The temperature measurements near the heat exchangers allow the
calculation of the Rayleigh number during the heat transfer process, and non-
dimensional, empirical relationships have been deduced between the number
of Nusselt and the number of Rayleigh for each group of experiments. The
empirical relationships of CTDG are:

Nu = 0.150474Ra%*47%55  6X10° Ra 2X107 R= 96.6% (Daytime)

Nu = 6.121Ra0218 2X105 Ra 6X10° R= 92.7% (Nighttime)

6.2 Recommendations

1. Using a double coiled heat exchanger with the double glass and knowing its
effect on the free convection heat transfer.

2. Studying impacts of finned heat exchangers on the thermal performances of
ISCS systems.

3. Putting small tubes with the coiled heat exchanger and becoming one group
for increasing the exposure of water to be heated to the heat stored inside the
enclosure.

4. A theoretical study using the (FLUENT) program needs to be performed to
know the thermal behavior inside the enclosure and compare the results with
the experimental work.

5. Using nanotechnology and mixing nanoparticles with the fluid in the
enclosure may enhance the thermal properties of the fluid and thus increasing
the thermal storage capability and the transfer of heat by the natural

convection from the enclosure to the heat exchanger.
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APPENDIX

A: The Result of case STSG

Table A.1: The results for case STSG at 1.0 LPM on 25— 07 — 2018 (Daytime)
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Table A.2: The results for case STSG at 1.0 LPM on 25— 07 — 2018 (Nighttime)
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Table A.3: The results for case STSG at 1.5 LPM on 26— 07 — 2018 (Daytime)
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Table A.4: The results for case STSG at 1.5 LPM on 26— 07 — 2018 (Nighttime)
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Table A.5: The results for case STSG at 2.0 LPM on 27— 07 — 2018 (Daytime)

SO+d696 | T0+d08'€ | TTELLOSPIT | vE8T'S9S | OTLOVLO8LT | Tt €€0°0 | SHHT | TI
90+HTS'T 10+dF8'S | +90TTTTIOLT | 9€6€£T88 | LLS6TO'SLLT | #'9 €€0°0 | OEHT | 11
90+dT0°T | TO+HL9L | S6SYLY'OTET | 899S0EIT | €€THELOVLT | T'8 €600 | STHT | O
90+H9€T | T0+dI16'8 | SPOISTI'889T | +06S €TET | 866HFETSLT | 96 €€0°0 | 00FT | 6
90+HTST | T0+d8%'6 | 96THIT'6S8T | TTOT'OTHI | 8609FT THLT €01 | €€0°0 | Sti€l | 8
90+H7TT | T0+d0F'8 | 8€0S9L0EST | TIGT'EITI | #SLOBS'SELT | 8’8 €€0°0 | OCET | L
90+H€0T | TO+APLL | €98VOL'TEET | 9THI'SSIT | #SLOBS SELT | +'8 €€00 | ST:ET | 9
90-+H98'T 10+Hd60°L | YTI96€°LEIT | 86T 1901 | TOGLED'0ELT | L'L €€00 | 00'€T | ¢
90+HS9'T 10+dT€'9 | +vT8TIV061 | TEPS'LEG | TOGLEOOELT | 89 €€00 | ST | ¥
90-+HEH' T 10+HES'S | €LVE0S'S99T | +¥TLI8 | T6P6IOGILT | 9 €600 | 0€TT | €
90+H6T°T 10+dE€9Y | SLYLIGH6ET | 8tP6'OTL | €VSEVSEILT | TS €€00 | ST:TI | T
SO+AE8'9 | TO+ATLT | €79991S'8I8 | TTOEIF | S09680°'80LT | € €€0°0 | 00:TL | 1
(s/331)
. ax (D=TvuyA) () - ) oo | owng | “ON
() no LV oL

97



Table A.6: The results for case STSG at 2.0 LPM on 27— 07 — 2018 (Nighttime)
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Table A.7: The results for case STSG at 2.5 LPM on 28— 07 — 2018 (Daytime)
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Table A.8: The results for case STSG at 2.5 LPM on 28— 07 — 2018 (Nighttime)
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B: The Result of case CTSG

Table B.1: The results for case CTSG at 1.0 LPM on 29— 07 — 2018 (Daytime)
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Table B.2: The results for case CTSG at 1.0 LPM on 29— 07 — 2018 (Nighttime)
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Table B.3: The results for case CTSG at 1.5 LPM on 30— 07 — 2018 (Daytime)
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Table B.4: The results for case CTSG at 1.5 LPM on 30— 07 — 2018 (Nighttime)
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Table B.5: The results for case CTSG at 2.0 LPM on 31- 07 — 2018 (Daytime)
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Table B.6: The results for case CTSG at 2.0 LPM on 31- 07 — 2018 (Nighttime)
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Table B.7: The results for case CTSG at 2.5 LPM on 01- 08 — 2018 (Daytime)
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Table B.8: The results for case CTSG at 2.5 LPM on 01— 08 — 2018 (Nighttime)
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C: The Result of Case CTDG

Table C.1: The results for case CTDG at 1.0 LPM on 02— 08 — 2018 (Daytime)
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Table C.2: The results for case CTDG at 1.0 LPM on 02— 08 — 2018 (Nighttime)
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Table C.3: The results for case CTDG at 1.5 LPM on 03— 08 — 2018 (Daytime)
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Table C.4: The results for case CTDG at 1.5 LPM on 03— 08 — 2018 (Nighttime)
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Table C.5: The results for case CTDG at 2.0 LPM on 04— 08 — 2018 (Daytime)
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Table C.6: The results for case CTDG at 2.0 LPM on 04— 08 — 2018 (Nighttime)
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Table C.7: The results for case CTDG at 2.5 LPM on 05— 08 — 2018 (Daytime)
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Table C.8: The results for case CTDG at 2.5 LPM on 05— 08 — 2018 (Nighttime)
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