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ABSTRACT

Thermosyphon is a mechanism involving passive heat exchange by principle of natural
convection, which used to transfer fluids without any use of mechanical pump. In solar
water heating system, principle of thermosyphon is applied by evacuated tube receiver
(ETR). ETR is an efficient solar collector responsible of collecting and transmit the
thermal energy in this process. This heating system is used heavily in the production
of hot water domestically, but it also can be applied for industrial purpose, if proper
innovation is designed. However, this process of optimization is expensive and time-
consuming. It becomes more challenging when variables such as geographical
location, solar radiation and sky condition can affect the thermosyphon performance.
Hence, the performance of ETR depends on many variables and parameters that need
numerous experiments. The objective of this research is to investigate the effect of
varying heat flux on thermosyphon performance of ETR. The absorber tube and outlet
water temperature of a solar ETR with straight riser is investigated. The scope of this
study is a field investigation for actual ETR which operates in an open loop solar water
heating system at a solar site in Universiti Teknologi PETRONAS, Seri Iskandar. The
solar water heating system's thermal efficiency is observed to increase with ambient
temperature, solar heat flux and water mass flow rate. The thermal efficiency however
decreases as the temperature of the inlet water increases. The present study offers

useful tools to measure the effectiveness of ETR for Seri Iskandar city.
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CHAPTER 1

INTRODUCTION

1. INTRODUCTION

1.1 Background

Energy that have does not have limit to its source is termed renewable energy. It has
become a heated discussion on how to properly utilize this kind of energy source.
Choosing the right energy source to use is very critical and a lot of factors need to be
considered such as sustainability, cost, efficiency, cleanliness and environmental
impacts. Unfortunately for electricity generation, energy from fossil fuels are still the
main choice for most of the industries globally. Fossil fuel are undoubtedly the most
effective source for energy in terms of the quality of power production, but they are
not beneficial in the long run. One day, fossil fuels will ran out and the sectors will
have to switch to renewable sources without delaying it anymore. In fact, these fossil
fuels are increasingly becoming a major threat to the health of the atmosphere and are

becoming a source of many environmental hazards [1].

The earth is facing global warming from end to end of our poles. These vulnerable
regions have been recording an increase of 1.6 °F (about 0.9 °C) after year 1906 in the
global average surface temperature. The effect of this phenomenon can be felt these
days and it does not have to wait for the future for its to become more visible. The
glaciers and the sea ice have been melted by the heat and it has caused an unpredictable
weather patterns and making the wildlife to run from their usual habitat. Peoples have
been mistakenly viewed climate change and global warming as one same thing, but
the term “climate change” have been used by the scientist to define the complex shifts
on this planet that are affecting the climate and weather systems. This term involves

rising in the global average surface temperature also the evolving ecosystem and

1



populations of the animals, sea level rising and a number of different effects such as
extreme climate occurrences. As human continue contributing in the increase of
dangerous greenhouse gases to this planet, these changes are becoming more severe

because the heat are being trapped by the atmosphere.

With the technology becoming more advanced and the cost are being reduced, the
consumers and businesses are starting to view solar energy as an option that is more
sustainable. An estimation from the Department of Energy’s National Renewable
Energy Laboratories in Unites States of America, stated that the cost to utilize the solar
energy has dropped by 30 percent in 1 year and more application of solar roof from
Tesla in the solar residential technology. These alternatives are expected to be in
demand when the fossil fuel becomes high in the coming future, but even now many

advantages can be taken from harnessing the solar energy.

Growing demand for energy and emerging environmental issues related to the use of
traditional fossil fuel-based energy resources have rekindled interest in renewable and
sustainable energy assets. Solar energy is the primary resource for renewable energy
that can be used either with photovoltaic panels or solar thermal collectors. Study in
this area has followed this expansion and an important subject of the research is the
evacuated tube receiver. As a result, several works were published to represent the
stratification of the fluid inside the tubes and reservoir, as well as analytical modelling

for the problem of heat flow.



Figure 1.1 is from [2] the various types of evacuated tube receivers used by users in

this modern era.
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Figure 1. 1 Types of evacuated tube receivers.

Using solar thermal collectors at different temperature rates can provide thermal
energy demand for many applications. Due to their simple structure and stationary
design, evacuated tube receivers (ETR) have seen exponential growth in recent
decades. ETR, however, are limited to applications of low temperature such as
domestic hot water supply and space heating. The combination of evacuated tube
receivers (ETR) with compound parabolic concentrators (CPC) could produce
medium-temperature thermal energy by concentrating incident solar radiation on

recipients without tracking requirements.



1.2 Problem Statement

Two most used solar collector used globally are the traditional flat plate collectors and
modern evacuated tube receivers. Each of them has their own pros and cons. The
recently developed evacuated tube receivers have the advantages in the winter, where
they can maintain a relatively high temperature at ambient temperature that is
sufficient for operating below the freezing point. As example, the inside temperature
these tubes can surpass 45°C for an ambient temperature of higher than —10°C. In large

scale system however, these tubes are prone to crack under mechanical stress [3].

Sometimes, under lack of routine maintenance and unprofessional handling, the
temperature inside the tubes can reach extremely high temperature which can also
make the tubes crack due to thermal shock. If crack happens, the tubes will lose its
vacuum and this will make the system fails [4]. Maintaining the vacuum inside tube is
the important in the design of tubes. It is because deterioration in vacuum can
maximize the thermal losses due to convection. An implication of this is the tube needs
a new replacement [5].This can lead to unnecessary increment in cost and that is

something that needs to be avoided.

Taking safety awareness and efficiency concerns regarding the current design of
evacuated tube receivers, which can lead to more degradation if it continues, new
design must be designed to replace the old one. Thermosyphoning in the evacuated
tube receivers can make system simple by removing external pumping power
requirements. However, on the open loop single-phase thermosyphoning, very limited
literature is available that merits further investigation in this field.

Rate of thermosyphon is influenced by many geometric parameters, an important
parameter taken account in this research is the heat flux input. Monitoring the
thermosyphon rate in the evacuated tube receiver have been the interest of this research
because improving the current design of evacuated tube receiver can prevent future

environmental implications and economic losses.



This paper suggests the study of solar water heating system with evacuated tube
receiver, their operating characteristics and operating parameters based on recent
publications. To investigate the thermal efficiency and observe the resulting flow
patterns a series of experiments are performed. The current experimental approach
promotes the design of an ETR working under ambient conditions. The ambient
temperature provides the source of cooling required to recondense the fluid to

successfully operate the system.

1.3 Objectives

This research is intended to study the single-phase open loop thermosyphoning
phenomenon inside the evacuated tube receiver using experimental approach. This
research will be accomplished by:

» Understand the influence of the heat flux on the effect of thermosyphoning

phenomenon inside the evacuated tube receiver using experimental approach.

« Evaluate the performance of ETR in open loop solar water heating system that

can generate medium-temperature thermal energy with further innovation.



1.4 Scope of Study

This study is intended to experiment a phenomenon of single-phase open loop
thermosyphon in evacuated tube receivers under ambient environmental conditions.
Different experiment case with different inclination angle on different days will be
conducted. Water will be used as operating fluids and the varying heat flux is studied

as the geometric parameter that can influence the rate of thermosyphon.

The main attention of this study in the comparative simulation between same
evacuated tube receiver model under several varying heat fluxes. This is to evaluate
the performance of thermosyphon inside the tubes, where under varying heat fluxes, it
will result to difference in fluid’s velocity and temperature. Heat are being transferred
by three means which is conduction, radiation and convection. These methods were
applied in most models of solar collector and heat transfer by radiation from the sun is
the main concern in these collectors. Through many progressive years, five radiation
simulation model in heat transfer simulations also was successfully developed on
ANSYS-FLUENT, which allow inclusion of radiation, with or without a participating

medium that can be used as a tools in simulation approach [6].



CHAPTER 2

LITERATURE REVIEW

2. LITERATURE REVIEW

2.1 Compound Parabolic Collectors (CPCs)

Compound parabolic collectors (CPCs) can be classified as non-imaging
concentrators. They have this great ability to reflect all of the incident radiation from
the sun to the solar collectors used within limits that is quite wide. This strong point
has made them established their reputation as a good solar energy collector. By using
this component, the need to relocate the solar collectors can be eliminated as the solar

orientation that has been shifted can be compensated with the two parabolic plates.

Figure 2.1 shows the basic geometry of a CPC used by users globally from [7].

[
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Figure 2. 1 Basic geometry of a CPC.



Collectors of this type can receive radiation that comes from various type of angles.
By utilising multiple internal reflection, radiation can enter the aperture of the collector
within its acceptance angle to be collected by the solar collector. The solar collector

used can be of various types such as flat or tubular.

By applying the principles of edge-ray and identical optical length, collector of this
type is the most ideal concentrator for solar collectors because its simple structure and
the elimination of the need for system to track the solar orientation. Throughout the
years of researches, solar collectors that used CPC has been identified as the most
promising collector to provide heat with temperature ranges from 200°C to 250°C.
This contributes to more studies by the researchers to analyse their design and
performance. First experiment was done in 1974 by Rabl and Winston [8] to
investigate non-evacuated CPC collectors and heat loss through the reflectors was
considered high due the contact of tube absorber with the parabolic plates of CPC
making it function as the fin of the tube absorber [9]. A different approach was taken
by [10] to reduce heat loss to the surrounding air from the solar collectors, where an
all-glass solar evacuated tubes were used with the CPC collectors and were put to test.
A test using two CPC collectors to reduce the loss of solar ray between the CPC’s gaps
also was developed by Oomen [11] to generate steam for heating purposes. However,

comparative analysis between the designs have not been made.



2.2 Thermosyphon

Thermosyphon is a passive natural convection based heat transfer method where the
need for mechanical pump is eliminated to circulate the liquid. Thermosyphon works
based on the principle where the hot liquid rise above the cold liquid due to its
difference in specific gravity (density), hot liquid is less dense than cold liquid.
Therefore, in basic system of solar water heater, the solar collector is always located
below the water tank. This is to make the cold water is able to exit the tank by gravity
through a downstream pipe and then enters the solar collector to collect the heat from
the solar. When enough solar energy has been collected to heat the cold water, it
becomes hot water. This makes the water rise and re-enters the water tank through a
rising pipe. This is repeated by the cold liquid at the bottom of the water tank and thus
making a natural circulation possible even without any mechanical device and ensures

continuous liquid heating until an equilibrium is achieved.

Two layers will be developed within the water tank which hot water will occupy the
upper layer and the lower layer will be occupied by the cold liquid due to the density
differences. Hot water at the top layer can be utilized by user, with the cold water at
the bottom layer will be heated by the solar collector to replace the used hot water due
to the continuous heating process. Due to high temperature differences between high
and low solar irradiances, the rising of hot water is faster. Consequently, irradiance
rate of the solar does affect the water flow. To ensure no backflow happens, the water

tank must be located high enough, at a higher level that the thermosyphon device.



Figure 2.2 shows the schematic diagram of solar water heater using thermosyphon
[12].

Riser
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Thm— - Cold
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Fig. 1.0 Schemotic Diogram of Thermosiphon
Solar Woter Heater

Figure 2. 2 Schematic diagram of the thermosyphon
solar water heater

Solar water heater using thermosyphon are mainly utilized in domestic applications.
Due to its complexity in flow rate and thermal stratification in water tank, the design
of the system was developed through numerous trials. There are many parameters need
to be considered like the geometric parameter, design specification and operating
conditions that can affect the performance of the system. Numerous researches have
been done to enhance the performance of the system like Gupta and Garg [13] studied
how the design specification affect the performance, and [14] have conducted an
investigation on several parameters that influence the system’s performance. Not many
have chosen varying heat flux as the variable geometric parameter. The author decided
to work on this project due to lack of information on the research of this area.
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2.3 Single Phase Closed Loop Thermosyphon

Thermosyphon can be classified to several types such as:

Closed Advanced Two
Phase Thermosyphon
Loop

Single Loop

I 8

Single Phase Two Phase Single Phase Two Phase
Flow Flow Flow Flow

Figure 2. 3 Types of thermosyphon.

In this analysis, the author of this research emphasizes on single phase flow closed
loop thermosyphon. This system works by continuous process of heating and cooling.
The operating fluid circulates within the loop. Through extensive studies, this system
can be developed even more as by choosing the right operating liquid and material, the

operating temperature for the thermosyphon can be as high as 4 K to 2300 K.

Temperature difference is formed in the work fluid inside the loop and thus a density
gradient is generated. Thus, the lighter fluid rises and falls and replaces the heavier
fluid on it. Closed loop thermosyphon applications include solar heat, geothermal
energy, energy storage, nuclear reactor core heat rejection, internal combustion
engines cooling, turbine blades and computers. In modeling different types of

thermosyphons, development of these engineering applications is needed [15].
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Single phase flow closed loop thermosyphon is utilized extensively in wide range of
system especially in energy related areas [16]. All of these contributes to a lot of
investigation of various approaches done by Vijayan et al. [17], Pilkhwal et al. [18]
and Rao et al. [19]. Approach using analytical and numerical refers to thermosyphon’s
unsteady and steady conditions, stability elements and second-law analysis. Recent
studies is about the how the thermosyphon behave under unsteady condition but most
experiments emphasized more on steady-state operating conditions (Saha et al. [20];
Misale [21]; Cheng et al. [22]).

The author of this paper investigates the single phase flow closed loop thermosyphon
under transient and steady conditions. Water is selected as the operating fluid and
supported the study done by Misale [21]; who study the behavior of single phase flow
closed loop thermosyphon with combination of heating and cooling part placed
horizontally.

2.4 Evacuated Tube Receiver

The most important components in harnessing the solar energy efficiently is the
evacuated tube receiver. Evacuated tube receiver (ETR) is made of an outer glass tube
and an inner steel tube where a vacuum space is introduced between the two tubes. By
being transparent, the outer glass tube allows the absorption of solar rays by inner steel
tube and the heat generated is transferred to operating fluid inside steel tube. The type
of solar collectors is called evacuated because of the existing vacuum space between
the tubes. These tubes reduce heat loss to the surrounding because heat loss by
convection cannot happen across vacuum and it creates an excellent isolation

mechanism that trapped the heat within the tubes.

12



ETR proved to be more efficient than flat plate collectors where they can produce more
heat due to the combination of highly absorptive coating and insulative vacuum space.
Temperature ranges from 70° to 120°C can be easily generated by these tubes. With
technology of vacuum becoming more advance these days, it is possible to mass-
produce evacuated tube receivers. Their high temperature efficiency is critical for

harnessing the solar energy.

A schematic diagram of an ETR is given in Figure 2.4 [23].

Vacuum between

Praciaton  “emeiopeand 5250
absorber tube
! | |
Getters to I
P vacuum

Figure 2. 4 Schematic diagram of ETR.

2.5 The Effect of the Input of Heat Flux on the Rate of Thermosyphon

Past researches done have showed the important roles that heat flux by the sun played
in affecting the behaviour of thermosyphon. The temperature difference within the
operating fluid creates a difference of density that contributes to the working fluid's
natural circulation. Several researchers have been done and how various parameters
like heat flux intensity, thermal loads, and geometric parameters affect the rate of
thermosyphons have been identified. Dehdakhel.et al. [24] performed experimental
studies to analyze fill ratio effects on thermosyphon efficiency by varying the heat
flux. Successful findings showed how can fill ratio significantly affects the efficiency
of a thermosyphon. Another analysis by CFD proclaims the profile of the

thermosyphon’s temperature closely match with the experimental data.
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In the process of analysing how various parameter like quantity of riser pipes, the ratio
between the size and diameter of the riser pipes, heat flux intensity and collector’s
angle of inclination affect the rate of thermosyphon, Freegah et al. conducted
numerical studies with no load applied. The research highlights that collector’s angle
of inclination tiny effect that can be ignored, but the same thing does not apply to the
ratio between the size and diameter of the riser pipes and heat flux intensity as they
affect the performance of the thermosyphon greatly. Also, the temperature of operating
fluid is raised by increasing the quantity of riser pipes. Theoretical study have been
taken by Sato et al.[25] in the process of investigating how the inclination angle of the
heat pipe and design specification of the condenser affect the temperature of operating
fluid inside the condenser. The findings of the research are the effect inclination angle
of the heat pipe is negligibly small and design of conventional solar collector proven

to be more optimum in thermosyphon rate.

A study by Mirshahi and Rahimi [26] investigates how the overall performance of a
partially vacuumed thermosyphon is the affected by heat flux, cooling water flow rate,
fill ratio and extra volume. The thermosyphon was seen to lose its efficiency as the
trapped gas fills the entire condenser. The overall study highlights that the heat loads
can have significant effects on the rate of thermosyphon due to the existence of trapped

air.

14



Figure 2.5 shows the thermosyphon output at different fill ratios for the three heat loads
tested.
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Several researchers have identified how can various parameters like intensity of heat
flux and type operating fluid used affects the rate of thermosyphons. Experimental
experiments were performed in one study to analyze the effects of the fill ratio on a
thermosyphon's efficiency under varying heat fluxes. Findings showed that the fill
ratio significantly affects the efficiency of a thermosyphon. Future analysis using CFD
estimates the profile temperature of the thermosyphon closely match the experimental
data. The result obtained from the study indicate that by varying the heat flux, it does
significantly affect the velocity of operating fluid and the temperature inside the riser

pipe.
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CHAPTER 3

METHODOLOGY

3. METHADOLOGY

An open loop solar water heating system for the current investigation is being
considered in this section. The purpose of the present study is to evaluate the
performance of open loop solar water heating systems by conducting experiments. To
predict the outlet water and the absorber tube temperature, a solar water heating system
with open loop thermosyphoning was developed. The outcome of the experiment is
confirmed by combining the data obtained from the experiments. For a full day
experiment from 1000 to 1830 hours, the steady state experiment was performed using
the average values of the measured data within half hour period. Experiments were
carried out under various climatic conditions of Seri Iskandar, solar radiation,
atmospheric temperature, temperature of the inlet water and flow rate. Also discussed
are the influence of various external parameters on the thermal efficiency and the

temperature of the outlet water.

The solar collector temperature of the outlet water and the absorber tube depends on
the flow distribution in the riser tubes. The analyzes were performed based on the

following assumptions:

e The thermal and physical property of the absorber tube, riser tube and water
are constant during the flow.

e Water is incompressible and continuous.

e Heat loss from the bottom side of the absorber plate and tube is by convection
which depends upon the wind speed.
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3.1 Developed Evacuated Tube Receiver

The evacuated tube receiver developed for this study consists of brazed riser and
header tubing, tube material, glass cover, and insulated case. The assembly of brazed
riser and header pipe is shown in Figure 3.1. This is made of one header and two
vertical riser tubes. Drilling and brazing had linked the risers to the headers. The
absorber tube content is made of copper which has made the absorber surface (90
percent absorbance and 10 percent emittance) capable of optimizing the radiant energy
absorption. By creating a vacuum state in a glass cover at the top of the collector, the
heat loss due to convection, conduction, and re-radiation was minimized. With glass
wool and polyethylene material, the cold water storage tank was fully insulated, and
the same was done for header and connector tubing. Using gravity, the cold water was
flowed through the pipes from the storage tank. The water flow rate into the storage
tank from water supply was controlled using a flow control valve. The detailed

specifications of the produced receiver are presented in Table 3.1.

Outlet Outlet
4 4
|'> ‘--:
Riser Pipe Riser Pipe

l-»
: L
Header Pipe Inlet

Figure 3. 1 Schematic diagram of riser and header pipe.
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Table 3. 1 Detailed specifications fabricated solar collector.

Description Specification and type
Length of the collector 2m

Width of the collector 15m

Length of the absorber tube 1.8m

Width of the absorber tube 12m

Thermal conductivity of the absorber tube 386 W (m K)™®
Density of the tbe material 8954 kg m3
Tube thickness 0.0005 m
Diameter of header pipe 0.030 m
Diameter of riser pipe 0.0125 m
Riser and header pipe thickness 0.0007 m
Tube center to center distance 0.1500 m
Number of glass 2

Spacing between glass and absorber tube 0.05m

Insulating material

Glass wool and polyethylene

Thermal conductivity of insulation material

0.044 W (m K) ™

Thickness of the insulation material 0.05m
Density of the insulation material 200 kg m3
Thickness of glazing material 0.05m
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3.2 Experimental setup

Figure 3.2 shows the experimental configuration of the open loop solar water heating
systems used in the present analysis. The cold water storage tank was properly
insulated with glass wool and connected to the inlet of the evacuated tube receivers by
means of PVC pipes. The 2 evacuated tube receivers used called fixed collector (FCR)
and collector variable (VCR). Linked with the measuring cylinders was the outlet from
these two evacuated tube receivers. The cold water from the storage tank will flow
through the header pipe into the evacuated tube receivers. During circulation, the inlet
water gets heated up by the riser, which is then flowed into the measuring cylinder.
Figure 3.3 shows the photograph of the open loop solar heating system which indicates

the location of different sensors and instruments.

» Measuring
Cylinder

P N

Solar
collector

N Cold water
storage

Flow valve

Figure 3. 2 Schematic diagram of the experimental configuration.
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Figure 3. 3 Phoograp‘h of the oen loop solar heating systm.

The collector surface solar radiation was calculated using a pyranometer, while the
temperatures of the inlet and outlet water, ambient temperature and ETR’s temperature
were calculated using thermocouples of type K. During the experiment, the complete
data was collected at an interval of 1s by a data logger acquisition system. The solar
collector had been positioned at 100.97 ° N latitude and 4.38 ° E longitude, position of
Seri Iskandar city. The experiment was performed during the period February to March
2020.
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3.3 Gantt Chart

Task

Number of Weeks (September 2019 - December 2019)

1123

4

5

6

7

8

9

10

11

12

13

14

Project title confirmation

Identify problem statement and
scope of study

Objective of the project

Critical literature review on related
topic

Preparation of proposal submission
& proposal defence

Define geometry of Evacuated Tube
Receiver

Build geometry of Evacuated Tube
Receiver

Proposal defence

Generate thermal flow in tube
using CFD

Collection of data

Preparation of Interim report

Submission of Interim report

Progress

Key Milestone
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Figure 3. 4 Gantt chart FYP 1.




Progress
Key Milestone

Task Number of Weeks (January 2020 - April 2020)

Modelling of geometry

Analyse the result

Validation of simulation result

Progress report

Pre-SEDEX

Submission of draft final report

Submission of dissertation

Submission of technical paper

Viva

Submission of project dissertation

Figure 3. 5 Gantt chart FYP II.
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CHAPTER 4

RESULT AND DISCUSSION

4. RESULT AND DISCUSSION

As stated earlier, the aim of this work is to investigate experimentally the output
evacuated tube receiver in addition to evaluate the ETR's ability to reduce the
electricity consumption used for household water heating. The experiments were
performed in 2020 under clear sky conditions from the end of February to the middle
of March. The collector frame was tilted with a series of angles equal to 15°, 35° and
45° towards the south direction. The value of these angles reflects various
experimental times where it was performed for 15° in late February, 45° in early March
and 35° in mid March. At the collector's inlet and outlet, experimental measurements
of solar radiation, water mass flow rate, atmospheric temperature, and water
temperatures were measured and recorded every 30 min along the daylight hours from
10 AM to 6 PM. In addition, the solar collector was designed and produced according

to the dimensions and geometric parameters as shown in Table 3.1.
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4.1 Variations of flow rate as a function of daylight hours

Figure 4.1 shows the flow rate fluctuations as a function of daylight hours for a given
day in each of those cycles, where end of February (25, 26 and 27), beginning of March
(2nd, 3rd and 4th) and mid-March (10, 12 and 16th) at the same time keeping the cold
water level inside the storage tank constant with the flow valve. Those three phases
were chosen with different angles of inclination as follows: 15° for the end of
February, 45° for the beginning of March and 35 ° for the middle of March. It is evident
from Figure 4.1, 4.2 and 4.3 that the maximum flow rate was observed at the end of
February for angle 15°. That can be explained by the fact that this period's sunrise
across Seri Iskandar's sky is higher than the other two cycles. Additionally, it can be
found that there is a small difference between these three cycles in the flow rate values.
During the day the flow rate ranges from 0 I/hr (at night) to a maximum value from 11
AM to 4 PM. The average flow rate for these times was found to be equivalent to 6.12
I/hr (at 15° angle), 4.58 I/hr (at 45° angle) and 5.5 I/hr (at 35° angle). At the beginning
(10 AM) and ending (6 PM) test times, it is obvious that the flow rate value at 15°
angle (at the end of February) is also higher than 45° (at the beginning of March) and
35° (at the end of March) due to earlier sunrise and later sunset at the end of February,

respectively, in comparison with these two angles.
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Figure 4. 1 Variations of flow rate as a function of daylight hours for angle 15° at
(a) 25" February, (b) 26" February and (c) 27" February.
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Figure 4. 2 Variations of flow rate as a function of daylight hours for angle 45° at
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Figure 4. 3 Variations of flow rate as a function of daylight hours for angle 35° at
(a) 10" March, (b) 12" March and (c) 16" March
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4.2 Variations of radiation, Gt and outlet temperature, Tout as a function of
daylight hours

The radiation and outlet temperature fluctuations are illustrated in Figure 4.4, 4.5 and
4.6 as a function of daylight hours from 10 AM to 6 PM. The findings in these figures
(4.4,4.5 and 4.6) were reported under the same operating conditions and testing periods
in Figure 4.1, 4.2 and 4.3 respectively. From Figure 4.4, 4.5 and 4.6 it can be found
that the temperature of the outlet water varies throughout the day and is able to reach
the highest value between 2 PM and 4 PM. As expected, the temperature of the outlet
water is higher at the end of February than at the beginning and middle of March. A
storage tank pushes the water into the ETR to flow in. The storage tank was fixed to a
higher elevation than the ETR’s position. The water temperature at the ETR's inlet is
close to atmospheric temperature (ambient air temperature) and then as it travels
through the collector tubes, the water absorbs heat from the tubes through both
convection and radiation. For this analysis, the temperature of the outlet water depends
on the flow rate of water mass, the angle of incident solar radiation and the strength of
solar radiation. The peak temperature of the outlet water was found to be equivalent to
93.0 °C (15° angle), 85.2 °C (45° angle), and 78.6 °C (45° angle). Increasing the solar
radiation leads to an increase in the outlet water temperature for constant water mass
flow volume. Consequently, as shown in Figure 4.1, 4.2 and 4.3, the highest
temperature was measured at the end of February (at an angle of 15°) because of the
highest solar radiation in that time. After 3 PM the sun starts to sunset in the city of
Sri Iskandar and therefore the temperature of the outlet water is considerably reduced
due to the loss of its intensity by the solar radiation. In addition, the temperature of the
outlet water can be found from Figure 4.4, Figure 4.5 and Figure 4.6 has the same
pattern in solar radiation profile. In all tested cases the average solar radiation was
measured between 11 AM and 4 PM.
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Figure 4. 4 Variations of radiation, Gt and outlet temperature, Tout as a function of
daylight hours for angle 15° at (a) 25" February, (b) 26" February and (c) 27"
February.
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Figure 4. 6 Variations of flow rate as a function of daylight hours for angle 35° at
(a) 10" March, (b) 12" March and (c) 16" March

4.3 Variations of efficiency as a function of daylight hours

Figure 4.7,4.8 and 4.9 display thermal efficiency of the CPC as a function of daylight
hours under the same operating conditions as previous figures (4.1, 4.2, 4.3, 4.4, 4.5
and 4.6). From these figures (4.7,4.8 and 4.9) it is obvious that CPC has a low
efficiency particularly at the first running hours between 10 AM and 11 AM due to the
low solar radiation at this time leading to a slight difference in temperature between
the inlet and outlet water temperature. Here it should be noted that the performance of
CPC depends on many variables, such as the inclination angle of the collector, the
intensity of solar radiation, the condition of the sky, the rate of water flow and the
temperature of the inlet water. It was also observed in Figure 4.7,4.8 and 4.9 that the
maximum efficiency for these three days observed to occur between 11 PM and 4 PM
due to the highest heat gained values, where the efficiency value can be considered
almost constant during this time period. As seen in Figure 4.4, 4.5 and 4.6, at the end
of February the maximum solar radiation was collected and this contributes to the
biggest difference in outlet water temperature compared to early and mid-March.
Therefore, at the end of February the max efficiency was recorded.
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Figure 4. 7 Variations efficieny as a function of daylight hours for angle 15° at (a)
25" February, (b) 26" February and (c) 27" February.
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Figure 4. 8 Variations of effiency as a function of daylight hours for angle 45° at (a)
2" March, (b) 3" March and (c) 4" March.
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Figure 4. 9 Variations of efficiency as a function of daylight hours for angle 35° at
(a) 10" March, (b) 12" March and (c) 16" March.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5. CONCLUSION AND RECOMMENDATION

5.1 Conclusion

This study includes the experimental work of evaluating an evacuated tube receiver's
performance in a open loop solar water heating system. The experimental model was
developed and created by the present author in the laboratories of Teknologi Petronas
University. The collector was measured from 10 AM to 6 PM using Seri Iskandar /
Malaysia's solar radiation under the outdoor clear sky conditions. The ETR’s structure
was used with CPC, The following important observations are made on the basis of
this work:

1. The transition from February to March over the months is found to have a slight
effect on the solar radiation. In late February, the maximum solar radiation have
been recorded.

2. The experimental findings showed that the temperature of the outlet water at noon
has a peak value. The temperature of the outlet water increases with increasing
flow rate of water.

3. In mid-March, the maximum efficiency was found. As the mass flow rate
increases, the efficiency of the collector is improved due to increasing the amount
of heat obtained.

4. Due to the collector's huge water temperature difference, the maximum heat
received occurred between 11 AM and 4 PM. Moreover, the heat obtained rises as

the flow rate of water increases.
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5. The results showed that the difference in temperature between the inlet water and
the ambient air temperature is negligible. Nevertheless, due to an increase in the
solar radiation level, the inlet water and ambient air temperatures are slowly
increased during daylight hours.

6. Most significantly, due to the abundance of solar energy in Seri Iskandar, it is
possible to benefit from this energy by using ETR with CPC as an effective
alternative and a sustainable solution for low-heat applications, such as household

water preheating and with further innovation, for industrial heating.

5.2 Recommendation

The varying heat flux plays an important role for thermosyphon output as a last remark
and different inclination angle on different period can give different radiation.
Therefore, the variance of testing period and inclination angle can be included in order
to enhance the present experimental research. This problem will be dealt with later in
the future. Additionally, prospective research will involve a further experimental
analysis on traditional solar collector efficiency under the same operating conditions
as this report. The new experimental research is needed to compare the present results
and to confirm the improvement in thermodynamic efficiency while using ETR. In
addition, the theoretical analysis is also needed for evaluating the performance of the
present ETR model in order to confirm the experimental results as well as to obtain

more realistic results. Thus, it will be taken up in a separate analysis in the future.
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