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ABSTRACT

Solar water heaters provide a cost-efficient, unlimited, and environmentally friendly
approach to hot water generation. Water in glass evacuated tube solar water
heater (WG-ETSWH) is one of the commonly used solar water heaters (SWHs)
available in the market. Despite its widespread use, WG-ETSWH has a low
thermal performance and its installation cost is very high. As a result, hot
water generation in homes and industries is highly dependent on electricity,
fossil fuels, and traditional biomass despite the high solar potential in Africa.
That has resulted in environmental pollution, various health problems and the
high cost of conventional fuels. Several research studies have been conducted to
help improve the performance of water in glass evacuated tube solar collectors
(WG-ETSC). The performance of WG-ETSWH is dependent on the geographic
location. Additionally, for collectors with identical parameters, tilt-type collectors
absorb slightly more solar irradiation than horizontal-type collectors. The optimum
thickness of the polyurethane insulation to reduce heat loss from the storage
tank is 50 mm. However, the effect of collector tube length, diameter and tilt
angle on the performance of WG-ETSWH has not been fully studied. This
research work is focused on optimizing the performance of WG-ETSWH for water
heating applications using both experimental and numerical methods under the
climatic conditions in Kenya. An experimental study on the performance of
WG-ETSWH was conducted under the climatic conditions in Kenya. A CFD
model was developed according to the specifications of the experimental setup and
its performance was then validated against the experimental data. The validated
CFD model was then used to study the influence of geometric variables such as the
collector tilt angle, collector tube diameter and the collector tube length on the
performance of the system. From the experimental study, the outlet temperature
of the water in glass evacuated tube solar water heater was found to be ranged
from 55 °C to 69 °C given an initial temperature of 25 °C for a whole day heat
collection. The daily efficiency of the water in glass evacuated tube solar water
heater under the climatic conditions in Kenya ranges from 58 % to 65 %. The

collector tube length, diameter and tilt angle had a significant influence on the

XVvil



performance of WG-ETSWH. The optimum collector tube length, diameter and
tilt angle were found to 2000 mm, 50 mm and 28 degrees respectively. The
optimized design of the WG-ETSWH enhanced the outlet temperature of the
water in the storage tank by 6.0 % and the average flow velocity of water in the
system by 11.8 %. The results from this research will give insight into the design
of improved products of water in glass evacuated tube solar water heater for the

extraction of maximum heat energy from the sun.
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CHAPTER ONE
INTRODUCTION

1.1 Background

Population increase and technological advancement have led to a significant rise
in energy demand worldwide (Kannan & Vakeesan, 2016)). Global energy demand
increased by an amount of 3% in 2018 relative to 2017 (Energy Analyis, 2019). In
2019, global primary energy consumption grew by 1.3% relative to 2018 (Energy
Analyis|, 2020). This has resulted in energy shortages which are of concern globally
(Kyekyere et al., 2021). Fossil fuels have been used over the years to satisfy the
energy demand of the world. In 2017, fossil fuels provided almost 80% of the
world’s energy demand (REN21, 2019). However, the fossil fuel reserves are

progressively decreasing and getting exhausted (Armaroli & Balzani), 2007)).

Additionally, the excessive usage of fossil fuels produce harmful emissions which
leads to climate change, ozone layer depletion and causes various health problems
to mankind. Fossil fuel usage results in the production of carbon dioxide (C'O,)
which leads to global warming. In 2018, CO, emissions grew by 2.0% than in 2017
(Energy Analyis, 2019). Besides, emissions such as carbon monoxide (CO) and
nitrogen oxides (NO, ) from the use of fossil fuel leads to environmental pollution

and various health problems.



To preserve the environment and provide an unlimited energy supply for the
future, it is vital to explore renewable energy sources. Renewable energy is cost-
effective, reliable, and environmental friendly with little or no emissions (Alanne
& Saari, 2006). Renewable resources of energy accounted for an overall 18.1%
of global final energy consumption as of 2017, out of which modern renewables
accounted for 10.6%, whereas traditional usage of biomass for cooking and heating

in developing countries accounted for 7.5% (REN21}, 2019)).

Modern renewable energy sources include wind energy, solar energy, geothermal
energy, and hydro power. However, the most accessible and freely available source
of all clean energy options is solar energy (Panwar et al. [2011). It, therefore, has

the capacity of being used to partially address the worlds growing energy demand.

There are numerous applications of solar energy; it can be converted directly to
electricity using photovoltaic cells or converted to thermal energy for heating and
cooling purposes using solar thermal collectors. At the close of 2016, heating and
cooling contributed to about 51% of the total world energy usage of which modern

renewable energy sources supplied only 10% of the demand (REN21} 2019).

Energy for heating and cooling is largely from fossil fuels and traditional biomass,
generating nearly 40% of global C'Oy emissions (REN21, 2019). The effect of
traditional biomass usage in heating applications is the destruction of forest and
consequently desertification. The utilization of solar energy in heating and cooling
applications could help preserve the environment and provide an unlimited energy

supply for the future.

There is an increasing demand for energy in the household sector due to an

increase in population. In 2018, the building sector accounted for about 30%



of the global energy usage, contributing to about 31% of energy-related C'Os
emissions (Global Alliance for Buildings and Construction, 2019). Household
sector energy consumption involves usage for cooling, heating, ventilation, and
hot water generation. Hot water generation accounts for a larger proportion of the
household sector energy demand. Hot water generation accounts for about 30%
- 40% of a family’s electricity bill (Veeraboina & Ratnam) 2012)). It is estimated
that in Nairobi, electricity supplies 37% of the hot water demand while LPG

supplies 24% of the demand (Momanyi, [2015)).

Water is generally heated by burning non-commercial fuels, namely, firewood as
in the rural areas and commercial fuels such as kerosene oil, Liquefied Petroleum
Gas (LPG), coal, and electricity in urban areas (Lee & Sharmaj 2007). Solar
water heaters have the capacity of reducing environmental pollution resulting
from the use of conventional fuels in water heating applications, reducing the

cost of fuels and addressing the world’s energy crisis (Kalogirou, |2004).

1.2 Solar Water Heaters

Solar water heaters are categorized as concentrating and non- concentrating col-
lectors. Concentrating collectors use mirrors to concentrate the solar radiation
while the non-concentrating collectors absorb the solar radiation without con-
centration. Non- concentrating solar collectors are classified as Flat Plate Solar

Collectors (FPSCs) and Evacuated Tube Solar Collectors (ETSCs).

Evacuated tube collectors have better performance than flat-plate collectors for
high-temperature operation because of reduced convection heat loss due to the
vacuum envelope around the absorber surface (Budihardjo et al., 2007). Figure

illustrates various ways of harvesting solar energy.
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Figure 1.1: Solar Harvesting Techniques (Ali Omer Ali, [2019)

There are three types of Evacuated tube solar water heaters, namely: Water in
glass evacuated tube solar heater, U-type evacuated tube solar water heater and
heat pipe evacuated tube solar water heater. However, this research study focuses
on water in glass evacuated tube solar water heater. The payback period of water
in glass evacuated tube solar water heater is relatively short as compared to other
types of evacuated tube solar water heaters. Hence, optimizing its performance
will greatly enhance its competitiveness with fossil fuel, electricity and biomass

in hot water generation.

The choice of water in glass evacuated tube solar water heater is due to its simple

4



design, cost effectiveness, longer life and its effectiveness in converting sunlight

into heat.

Solar water heaters have the capacity of being used to address the world’s thermal
energy demand. It provides a carbon-free and sustainable supply of energy for
heating applications thereby eliminating the harmful emissions resulting from
the excessive use of fossil fuels and traditional biomass. The challenges of solar
water heaters, however, is the high initial installation cost and its low efficiency

in converting solar irradiation into thermal energy (Stryi-Hipp et al., 2012]).

1.3 Problem Statement

Over the years, efforts have been made to utilize renewable energy sources in hot
water generation. Solar thermal energy proves to be the most convenient source
of energy for hot water generation through solar water heaters. Water in Glass
Evacuated Tube Solar Collector(WG-ETSC) is the most commonly used solar
water heater due to its simple design and low manufacturing cost (Budihardjo et
al., [2007)). It can therefore be utilized for small scale heating purposes. However,
WG-ETSCs have low thermal performance. As a result, small scale heating ap-
plications in homes, dormitories, hotels, and industries are so much dependent on
fossil fuels, electricity, and traditional biomass (charcoal, firewood, animal dung,
and grass agricultural residue) in Africa (Kamau|, 2013). This has resulted in
harmful emissions which pollute the environment, causes various health prob-

lems and leads to global warming.

Improving the efficiency and performance of WG-ETSCs will enhance its utiliza-
tion. This will help to reduce harmful emissions generated from the excessive

use of fossil fuel and reduce the cost of conventional fuels. The performance of a



solar water heater is determined by the product configuration and the local me-
teorological conditions (Budihardjo & Morrison, [2009). Various parameters such
as the tilt angle, the weather conditions, the collector dimensions may affect the
overall performance of the water in glass evacuated tube solar collectors (Hayek,

2009).

Several research studies have been conducted to help improve the performance
of WG-ETSC. However, effect of collector tilt angle, length and diameter on the
performance of WG-ETSC have not been fully studied. A need, therefore, arises
to investigate the effect of these geometric parameters on the performance of

water in glass evacuated tube solar collectors.

1.4 Objectives

1.4.1 Main Objective

The main objective of this research is to optimize the thermal performance of
water-in-glass evacuated tube solar collectors. This will be achieved via the

following specific objectives.
1.4.2 Specific Objectives

1. To evaluate through experimental measurements, the performance of water

in glass evacuated tube solar water heater used in Kenyan climatic conditions.

2. To develop and validate a CFD model of the water in glass evacuated tube

solar water heater for simulation of its performance in Kenya.

3. To test the influence of geometric and flow variables through simulation to

predict off-design performance of the system.



4. To optimize the performance of water in glass evacuated tube solar water

heater through simulation.

1.5 Justification

The rise in global demand for energy has drawn the attention of researchers to
explore various renewable sources of energy. Conventional sources of energy have
been used over the years to meet the growing energy demand. However, the
gradual depletion and the negative effects associated with the continuous usage

of fossil fuels poses a threat to humanity and the environment.

Utilization of solar energy in hot water generation through the use of solar water
heaters has the potential to reduce the demand for fossil fuels and the environ-
mental pollution resulting from the use of the fossil fuels. However, the thermal
performance and the initial installation cost of solar water heaters are limitations
to its usage. Improving the performance of water in glass evacuated tube solar
water heater will enhance its utilization. This will increase its competitiveness
with conventional energy sources helping to reduce the negative impact associated

with the use of conventional fuels.

This research focuses on the study and optimization of the thermal performance
of water in glass evacuated tube solar water heater for domestic hot water gen-

eration.

1.6 Scope of Research

The focus of this research study was to optimize the thermal performance of
water in glass evacuated tube solar water heater. An experimental investigation

of the performance of the WG-ETSWH was conducted during the months of

7



January and February 2021 and a CFD model developed using the specifications
of the experimental setup. Numerical simulations were conducted to predict the
performance of the WG-ETSWH using ANSYS Fluent software. Results from the
numerical simulation were compared with data from experimental measurements

to ascertain the validity of the CFD model.

The validated CFD model was then used to test the influence of geometric pa-
rameters on the performance of the water in glass evacuated tube solar water
heater. Geometric parameters considered include the collector tube tilt angle,
diameter of collector tube and the length of the collector tube. These geometric
parameters were optimized to enhance the performance of the WG-ETSWH using

ANSYS Design Explorer.

1.7 Thesis Outline

This thesis contains five chapters. The first chapter is the introduction which
provides information on the current global energy demand, challenges and the
importance of this research. It is categorized into background, problem state-
ment, research objectives, justification and scope of the research. Literature
review is the second chapter of this thesis and it presents studies conducted by
other researchers to improve the performance of WG-ETSWHs. The chapter also
highlights the findings of the researchers and the research gaps that need to be

addressed.

In the third chapter, the methodology used for the study is presented. It includes
the description of the experimental setup, experimental methods, instrumenta-
tion, performance analysis, design and sizing of the CFD model, simulation pro-

cesses, validation of the CFD model and performance testing parameters. The



fourth chapter is results and discussion where data collected experimentally and
numerically are analyzed and discussed. The final chapter is the conclusion and
recommendations and it summarizes the findings and recommend necessary areas

for further research study.

1.8 Journal Publication of Research

The first journal paper titled ” The Performance of Water in Glass Evacuated
Tube Solar Water Heater Under Kenya Climatic Condition” which was based on
experimental data has been published in Computational Water, Energy and En-
vironmental Engineering journal. The second article which covers the simulation

aspects of the study is currently under preparation.



CHAPTER TWO
LITERATURE REVIEW

2.1 Overview

Solar thermal collectors convert solar radiation into thermal energy. The thermal
energy produced can be used for heating and cooling purposes. Generally, solar
thermal collectors are grouped into two; concentrating solar collectors and non-
concentrating collectors. In concentrating solar collectors, mirrors and lenses are
used to converge the sunlight radiation unto a particular area while solar radiation

is not concentrated but absorbed directly in non-concentrating solar collectors.
2.1.1 Non-Concentrating Solar Collectors

There are two types of non-concentrating solar collectors, the evacuated tube
solar collectors and flat plate solar collectors. Evacuated tube solar collectors
generally have a better performance than flat plate solar collectors (Budihardjo

et al., 2007).

2.1.2 Flat Plate Solar Collectors (FPSC)

Flat plate solar collector absorbs solar radiation from the sunlight and the heat
energy absorbed is used to heat water for household use (bathing, washing among

others). A FPSC system consists of a large copper or aluminium heat absorbing

10



plate soldered or bonded directly to copper pipes called risers, a glazing sheet,
a layer of insulation, fluid channel, and a housing box. Figure [2.1] shows the
pictorial view of the FPSC while Figure shows the cross-section of the flat

plate solar collector.

Collector plates

Figure 2.1: Pictorial View of FPSC (ESCO, 2015)

Radiation
Glazing Sheet '7,/'_]_’

Hot Water [
ouT &
ColdWatern
N
‘.-’
SealedHeat
Enclosure
Foam or Aluminium
Insulation

Heat Absorbing Riser Tubes
Heat Absorbing Backplate

Figure 2.2: Cross-Section of FPSC qui Omer Alil, |2019[)

Lower Manifold
Collection Tube
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2.1.3 Evacuated Tube Solar Collectors (ETSC)

Evacuated tube solar collectors are classified into three main groups, namely;
water in glass evacuated tube solar collector, u-type evacuated tube solar collector

and heat pipe evacuated tube solar collector (Alfaro-Ayala et al. 2015).

Water in glass and heat-pipe evacuated tube solar collectors are the two commonly
used designs. However, water in glass evacuated tube solar collector is used widely

due to its simple design and cost-effectiveness (Budihardjo & Morrison, |2009).

Heat-pipe evacuated tube solar water heaters consist of an evacuated tube and
a heat pipe. The evacuated tube absorbs the solar radiations and converts it to
thermal energy. The thermal energy is then transferred to a refrigerant inside the
heat pipe, it vaporizes and rises rapidly into the condenser of the heat pipe where
energy is transferred to the cold water. There is no direct connection between the
refrigerant in the heat pipe and the water being heated. The thermal efficiency
of heat-pipe evacuated tube solar collector is slightly higher than water in glass
evacuated tube solar collector. However, the initial cost of a heat-pipe evacuated

tube solar water heater is high and its payback period is long.

The u-type evacuated tube solar collector consist of an outer glass tube, an ab-
sorber tube and a u-shaped pipe. Between the outer glass tube and the absorber
surface is a vacuum space to reduce heat loss. The u-pipe is coupled to a copper
fin which is directly in contact with the absorber tube. The copper fin transmit
heat from the absorber tube to the u-pipe which heats the working fluid in the

u-pipe. Cold fluid entering one end of the u-pipe pushes hot fluid inside the u-
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pipe up to the other end. There is a limited usage of u-type evacuated tube solar
collector due its complex design and operating principles. Figure [2.3| and Figure

show the cross-sectional view of u-type and heat-pipe evacuated tube solar

collectors respectively.
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Figure 2.3: Cross Section of U-type Evacuated Tube Solar Collector (Ma et al.|
2010)
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2.1.4 Water in Glass Evacuated Tube Solar Water Heater

The water in glass evacuated tube solar water heater (WG-ETSWH) is used for
transforming solar radiation to thermal energy for heating applications. The basic
parts of the WG-ETSWH system include the absorber surface, vacuum envelope,
storage tank, fluid channel, and glass cover. Figure 2.5 shows the parts of the

WG-ETSC system.

A WG-ETSWH consists of a set of single-ended glass tubes connected directly
to a horizontally mounted storage tank. Each tube consists of an outer glass
tube, which is transparent and bigger in diameter and an inner glass tube of
smaller diameter. The outer surface of the inner glass tube is selectively coated
(commonly with black enamel paint) for the absorption of solar radiations. A
vacuum is created between the outer glass tube and the inner glass tube to reduce
heat loss. An insulation layer is placed in between the walls of the storage tank

to minimize heat loss.

Water flows from the tank to the tubes where it is heated by solar radiation. The
heated water rises back to the storage tank and is replaced by cold water from
the tank. Natural circulation of water purely drives the transfer of heat in the

collector (Budihardjo et al., 2007).
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Figure 2.5: Cross Section of Water in Glass Evacuated Tube Solar Collector
(Morrison et al., 2004)

2.2 Simulation of Performance of Water in Glass
ETSC

Alfaro-Ayala et al.| (2015) used CFD simulation in commercial ANSYS-Fluent

software to study the thermal and hydraulic performance of water-in-glass evac-
uated tube solar collector, using the Finite Volume Method (FVM). They used
36 evacuated tubes constructed of borosilicate glass directly attached to a mani-
fold and a steady-state laminar solver. The Boussinesq Approximation (BA) and
the Variation of the Properties with Temperature (VPT) models were used and
they found that the Boussinesq approximation is a more robust model for sim-
ulating the performance of low-temperature water-in-glass evacuated tube solar

collectors.
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Hayek (2009) investigated the characteristics of water-in-glass evacuated-tube so-
lar collectors using advanced computational fluid dynamics (CFD) approaches.
The author used turbulence models with different algorithms to handle the pressure-
velocity coupling and several differencing schemes to discretize the convective
transport terms. He concluded from the simulation that the glass tube should be
made shorter and its length should be a function of the inclination angle of the

entire collector.

Yao et al.| (2015) investigated the performance of a solar water heater with twist
tape inserts using CFD and compared the results with normal evacuated tubes
solar collectors. They assumed the flow in the whole computational domain as
laminar and neglected the heat conduction in the twisted tape. They concluded
that for the twist tape inserts, water mixture near the top and bottom are more
intense, disrupting the organized flow, and generates more eddy, making the
temperature field more uniform. The twist tape inserts are ideal for relatively

high-temperature heat transfer.

Morrison et al.| (2005) used CFD package, ANSYS Fluent 6 (2001) to simulate the
heat transfer and fluid flow in the collector tubes. They focused on the correlation
for natural circulation rate through a single-ended tube mounted over a diffuse
flat reflector inclined at 45 degrees. A constant pressure boundary condition on
the open end was assumed. They concluded that the circulation flow rate through
the tubes is influenced by two factors, namely the radiation intensity falling onto

the absorber surface and the temperature of the storage tank.

Sato et al. (2012) investigated the fluid behavior in the tank of water in glass evac-

uated tube solar water heater using CFD models. They modified the convectional
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collector by attaching lateral connections. The lateral connections increased the
turbulence in the tank, reducing the region of stagnation in the storage tank.

However, the performance of the system was compromised.

Budihardjo et al. (2003) used the transient simulation software, TRNSYS to
test the performance of water-in-glass evacuated tube solar water heater. In the
experiment, 21 water-in-glass evacuated tubes mounted at 45 degrees inclination
coupled to a 150-litre horizontal tank was used. The results showed that the
evacuated tube pre-heater system gives a 45% annual energy saving in Sydney.
Evaluation of the cost-benefit of using solar water heaters in different regions is

essential in increasing its patronage.

Ayompe et al. (2011]) used the transient simulation software, TRNSYS to compare
the performance of forced convection flat plate solar collector and evacuated tube
solar collector. Their model predicted the collector outlet fluid temperature with
percentage mean absolute error (PMAE) of 16.9% and 18.4% for the FPSC and

ETSC systems, respectively.

Mohammadkarim et al| (2014) investigated the performance of evacuated tube
solar collectors with natural circulation under the climatic conditions in Tehran
city using TRNSYS software. Their results showed that the difference between
useful energy gain and solar radiation on tilted surface during the summer season
is less than that of the winter season, which renders the heat loss to be less than
the winter season. Furthermore, in warm months the collector instantaneous

efficiency and outlet temperature is greater than in cold months.

The evaluation of the simulation tools showed that CFD simulation using AN-

SYS Fluent can effectively be used to predict the performance of water in glass
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evacuated tube solar collectors (WG-ETSCs). In the simulation, the equations
governing the physical model are solved together with its surrounding conditions.
Other simulation tools solve a limited number of equations (Ali Omer Ali, 2019)).

Table shows the strength and weakness of the simulation tools.

Table 2.1: Weakness and Strength of ETSC Simulation Tools

Author Method Strength Weakness
Alfaro-Ayala et al.| (2015) CFD Governing equations ~ Complex and
Hayek (2009)) (ANSYS) are solved together requires large
Yao et al.| (2015) with the environmen-  computational
Morrison et al.| (2005)) tal conditions space

7Budihardjo et ;l. (2003) TRNSYS Can be used to sim Solves limited
Ayompe et al.| (2011) ulate and predict long number of
Mohammadkarim et al. term performance of equations
(2014) ETSC

2.3 Optimization of Water in Glass ETSC

Zhang et al.| (2014) tested the performance of more than 1000 sets of solar water
heaters (SWHs), most of which were water-in-glass evacuated tube systems with-
out reflectors in China. The experimental results showed that the heat gain from
the sun and heat loss from the storage tank affected the thermal performance of
SWHs. Their results predicted the optimum thickness of the polyurethane insu-
lation to be 50 mm thick. Critical radius of insulation, a function of the thermal

conductivity of the insulation material and the external convective heat transfer
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coefficient is key in insulation thickness determination. Increasing the thickness
of the insulation material to a value higher than the critical radius of insulation

results in an increase in the rate of heat loss.

Morrison et al.| (2004) did a preliminary investigation of the performance of very
long water in glass evacuated tube solar collectors (greater than 2.4 m) and from
the results, they concluded that very long tubes have the possibility of a stagnant
region at the bottom of the tube that can affect its performance. However, the
effect of stagnation region on the performance of the system and the optimum

length of the collector were not fully explored.

Bracamonte et al.| (2015)) studied the effect of the tilt angle on flow patterns, en-
ergy conversion efficiency, and the stratification effect of water in glass evacuated
tube solar water heater (ETSWH) in Venezuela. Tilt angles of 10 and 45 degrees
were considered in the study. They reported that the tilt angle of the tube has
a significant effect on the solar energy gain and flow patterns inside the storage
tank. They concluded that lower tilt angles were preferable in such geographic
location since lower tilt angles produced significantly higher temperatures. For
any geographic location, water in glass evacuated tube solar water heater should

be tilted such that the solar heat gain is maximized.

Tang et al.| (2009) researched on how the use of Diffuse Flat Reflector (DFR) affect
the performance of all-glass evacuated tubes. The result showed that the use of
DFR can significantly increase the annual collectable radiation of a collector.
They also compared the performance of tilt collectors and horizontal collectors
of evacuated tubes. They found out that for collectors with identical parameters,

tilt-type collectors absorb slightly more radiation than horizontal-type collectors.
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2.4 Effect of Design Parameters on Performance
of Water in Glass ESTC

Liu et al.| (2017)) successfully used a high-throughput screening (HTS) method
based on an artificial neural network (ANN) model for the design of water in glass
SWHs. The results of the study showed that the ANN-based HTS method can
effectively predict the heat collection rates of water in glass evacuated tube solar
water heaters. The artificial neural network is commonly used in forecasting and
data classification. HT'S method uses artificial intelligence to perform millions of

computational tests.

Morrison et al.| (2004) investigated the performance of a solar water heater with
twist tape inserts and compared it with the normal one using CFD. They assumed
the flow in the whole computational domain as laminar and neglected the heat
conduction in the twisted tape. They concluded that, for twist tape inserts, water
mixture near the top and bottom are more intense destroying the orderly flow
and generates more eddy, making the temperature field more uniform. The twist

tape inserts are suitable for heat transfer at relatively high temperatures.

Shah & Furbo| (2007) investigated the effect of collector design using all glass
evacuated tubular collector with horizontal tubes and employing computational
fluid dynamics. Propylene-glycol/water mixture was used as the working fluid in
the all glass evacuated tubular collector. In the experiment, collector tube lengths
of 0.59 m, 1.17 m and 1.47 m were used for the study. They concluded that the
collector tube with the shortest tube length of 0.59 m achieved the lowest average

temperature.
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2.5 Performance of Water in Glass SWH

Hayek et al| (2011) investigated the overall performance of water-in-glass tube
and the heat-pipe solar collectors under local weather conditions as encountered
along the Eastern coast of the Mediterranean Sea. Their results showed that
the heat pipe solar collectors are better and its efficiency is about 15 to 20%
higher than the water in glass solar collectors. However, the payback period for

a heat-pipe collector is long.

Budihardjo & Morrison| (2009) investigated the performance of water in glass
evacuated tube solar collector systems and flat plate solar collectors in a range
of locations using experimental measurements and a simulation model. It was
revealed that the performance of two flat plate arrays with a collector area of
3.7 m? for domestic heating was higher than 30 evacuated tube arrays with a
collector area of 2.9 m2. This can be attributed to the difference in the collector
area between the flat plate and the evacuated tube. The collector area is a key

parameter in determining the quantity of solar radiation that can be absorbed.

Gao et al.[(2013]) compared the performance of water in glass evacuated tube solar
collectors (WG-ETSCs) and U-pipe evacuated-tube solar collectors (UP-ETSCs)
in Beijing. They concluded that the optimized mass flow rate for WG-ETSC and
UP-ETSC applications is about 20-60 kg/hm? and 20-40 kg/hm? respectively in
Beijing. Also, a higher flow rate reduces the energy collection of the water in the

system.

Tang et al.| (2011)) compared the performance of water in glass ETSWH placed at

tilt angles of 22 and 46 degrees, respectively, in China. Their results showed that
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the collector tilt-angle of SWH had a significant influence on the daily collectable
radiation and daily solar heat gain of a system. They concluded that to maximize
the heat gain of solar water heaters, the collector should be inclined at a suit-
able tilt-angle dependent on the geographic location, for maximum absorption of
solar radiation. The inclination of the tilt angle for maximum heat extraction is

dependent on the geographic location.

2.6 Summary of Gaps

From the foregoing review of previous studies by different researchers on water
in glass evacuated tube solar water heaters, some gaps were identified and are

outlined as follows:

1. The performance of water in glass evacuated tube solar collector depends
on the geographic location. The performance of water in glass ETSWHs

needs to be investigated in Kenya.

2. The collector tilt angle has a significant influence on the solar energy gain
and the flow patterns inside the storage tank. Multiple tilt angles need to

be explored to determine the tilt angle for optimum performance.

3. Collector tube length and collector tube diameter affect the thermal per-
formance of WG-ETSWH. Different collector tube lengths and diameters
should be experimented to find out the optimum length and the optimum

diameter.

4. The solar radiation absorption rate can be enhanced by the use of a solar
tracker system. Research can be done in this area to improve the solar

energy gain by the collector. However, in this research work emphasis will
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not be placed in this area.
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CHAPTER THREE
METHODOLOGY

3.1 Overview

The methodology used for conducting the performance testing of water in glass
evacuated tube solar water heater (WG-ETSWH) via experimental measurements
and CFD simulation is presented in this chapter. Experimental investigations
were conducted to determine the performance of WG-ETSWH under the cli-
matic conditions in Kenya followed by optimization of the system through CFD

analysis.

A 3-D CFD model of the WG-ETSWH was developed in Inventor 2020 and
imported into ANSYS simulation software for mesh development and simulation.
ANSYS Fluent 18.1 was used to simulate the performance of the WG-ETSWH.
The CFD model was validated against experimental data to ascertain that the
model can predict the performance of the actual system with acceptable error
margin. The validated numerical model was then used to test the influence of
geometric and flow variables on the performance of the system. The procedures
and techniques used in both experimental measurements and CFD simulations
are described in this chapter. Figure is a flow chart showing the outline of

the study.

24



Literature

TEVIEW

Y

L J

Effect of tilt angle
investigation

1L

h

Experimental
setup and
investigation

Model

design and
validation

&

J

Effect of
tube
diameter
investigation

ma

Effect of tube length
investigation

L

i

Optimization

[

3

Figure 3.1: Flow Chart of the Study

3.2 Experimental Setup

3.2.1 Description of the Experimental Setup

An experimental set-up of the water in glass evacuated tube solar water heater

was installed at an open area where maximum absorption of solar radiation could

be obtained. The set-up consists of 20 evacuated tubes directly connected to

a storage tank of 200-litre capacity. Each tube has a volume of 2.5 litre. The

storage tank is made of a stainless steel inner cylinder and an insulated external

casing. The insulation material is polyurethane and it has a thermal conductivity

of about 0.022 W/(mk) at a temperature of 300 K (Engineering Toolbox, 2007)).

Figure[3.2] shows the complete drawing of the experimental setup while Figure

shows the pictorial view of the experimental set-up of the evacuated tube solar
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water heater.

1 8

T

Figure 3.2: Experimental Set-up of WG-SWH

Attached to the main storage tank is a cold water header tank of capacity 8 litre.
The supply of water to the system is through the cold water header tank which
regulates the pressure in the system due to the limited pressure capacity of the
evacuated tubes. The system operates at a maximum temperature of 200 °C and

the evacuated tubes operate at a maximum pressure of 0.1 bar.
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Figure 3.3: Pictorial View of the Experimental Set-up of WG-SWH

Water in glass evacuated tube solar water heaters are referred to as non- pres-
surized solar water heaters since it operates at very low pressure and does not
require a pump to circulate the water. Evacuated tubes were inclined at an angle
of 23 degrees to the horizontal as set by the supplier. Figure shows the inner
glass tube of smaller diameter selectively coated for absorption of solar radiation

within the evacuated tube.

Specifications of the solar water heater are shown in Table [3.1 These specifica-

tions were chosen based on the current trend of water in glass evacuated tube
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Figure 3.4: Coated Inner Tube Responsible for Solar Absorption

solar water heaters available in the Kenyan market and their installation angles.

28



Table 3.1: Specifications of the Solar Water Heater

S/No Element Specification
1 Tank volume 200 litres
2 Tank outer diameter 472 mm

3 Tank insulation thickness 48 mm

4 Length of tank 1896 mm
5 Outer tube diameter 58 mm

6 Inner tube diameter 47 mm

7 Tube length 1800 mm
8 Tube tilt angle 23 degrees
9 Absorber Area 3.28 m?
10 Total volume of tubes 50 litres

3.2.2 Experimental Method

The two common methods used for testing the performance of solar water heaters
are the water draw-off and the mixing water methods (Zhang et al.; 2014]). How-
ever, the water draw-off method is suitable for systems that operate at very high
pressures. For a water in glass evacuated tube solar water heater, an apprecia-
ble volume of hot water is retained in the evacuated tubes when the draw-off
method is used which could result in overestimation of the thermal performance
of the system (Zhang et al., 2014). This makes the draw-off method unsuitable

for performance testing of water in glass evacuated tube solar water heater.

The mixing water method was used in this study where the system was allowed

to operate for 22 hours without drawing water from it. After the 22 hours, as hot
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water in the system was drained through a drain valve located at the bottom of
the storage tank, cold water was fed into the system simultaneously through the

header tank until a uniform temperature of 27 £+ 2 °C was obtained.
3.2.3 Data Measurement

The system was allowed to operate for 22 hours without drawing water from
it. The ambient temperature, solar irradiation, wind speed and temperatures at
points within the tank were measured on an hourly basis starting from 9:00 am

in the morning to 5:00 pm in the evening.

The hot water was retained in the system till 7:00 am the next morning when
the temperatures were measured to determine the amount of cooling during the
night. An air vent located on the cold water header tank allowed air and vapour

released inside the storage tank to be discharged.
3.2.4 Points of Temperature Measurement in the Tank

Daily measurements were taken from 9:00 am to 5:00 pm. Temperatures at differ-
ent points in the tank as shown in Figure were measured. The temperatures
were measured inside the tank by inserting the digital thermometer through the
holes located in Figure |3.5. The thermometers were about 30 mm deep in the

storage tank at the time measurements were taken.
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Figure 3.5: Points of Temperature Measurement in the Storage Tank

where T, is the temperature at the topmost part of the storage tank, 7,, is the

temperature at the middle and T, temperature at bottom of the storage tank.
3.2.5 Experimental Conditions

The experiments were conducted in an open area within Jomo Kenyatta Univer-
sity of Agriculture and Technology located in Juja, Kenya. The site has a latitude
of 1.09 °S, a longitude of 37.0 °E and an altitude of 1.4 Km above sea level and
it is mostly sunny throughout the year 2013)). The study was conducted

in the months of January and February, 2021.

The surrounding air temperatures ranged from 21 °C to 32 °C with an aver-
age ambient temperature of about 28 °C. The speed of wind in the surrounding
measured during the study ranged from 0.5 m/s to 4 m/s with an average wind
speed of 2.4 m/s while the solar irradiation in the area measured during the study

ranged from 0 W/m? to 1100 W/m?.
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3.2.6 Instrumentation

Solar irradiation was measured using solar power meter TM- 206, the temperature
readings in the tank were taken using digital thermometer type K(CA), weather
station temperature and humidity sensor was used to measure atmospheric tem-
perature while the speed of the wind was measured using anemometer. Table

shows specifications of the devices used for the data collection.

Table 3.2: Specification of the Measuring Devices

Parameter Instrument Range of measurement Precision
Solar irradiation Solar power me- 0 - 2000 +5 W/m?
ter TM-206 W /m?
Temperature in  TNA 110, Ther- -65 to 1000 °C +1°C
tank mometer  type
K(CA)
Surrounding Anemometer 0-20m/s +0.3 m/s
wind speed

3.3 Performance Analysis

Analysis of the performance of water-in-glass solar water heater involved exposing
the evacuated tubes to solar radiations and measuring the initial temperature of
water in the storage tank and the final temperature of water in the tank. Heat

gained by the system was obtained from Equation ((3.1)).

Q - mcpw(Tout =T ) (31)
where @ is is the daily heat gain (M.J), m is the mass of water in the tank (kg),

Cpw 18 specific heat of water at constant pressure (kJ/(kg°C')), T}y, is the initial
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temperature of water in the tank (°C') and T,,; temperature of water at the tank

outlet (°C).

The efficiency of the system was determined by dividing the power output (heat
gained) by the power input. For solar water heaters, the source of energy in the
system is solar energy. Solar irradiation, G, received and absorbed by the collec-
tor tubes was the power input. This energy was then transferred to the water in
the tubes. A natural circulation heat transfer mechanism occurred which heated
the water in the storage tank. The efficiency of the system which is generally re-

ferred to as instantaneous efficiency was calculated using Equation (3.2)) (Tiwari

et al., 2018):

o mcpw(Tout - /-Z—YZ )
= G A.

where 7 is the efficiency of solar water heater, A. is the surface area of collector

(3.2)

(m?), G is the solar irradiation (M.J/m?).
The equation can be written in terms of density and the ratio of solar water tank

volume to collector area (Zhang et al., 2014])), as

. prVApr(Tout - T; )
= G

where Ry 4 is the ratio of the storage tank volume to the area of the collector in

(3.3)

L/m? and p,, is the density of water (kg/m?).
3.4 Uncertainty Analysis

Error in uncertainty analysis is defined as the difference between a true value and
a measured value of a physical quantity. The measure of the degree of closeness of

an experimental result to a true value is referred to as accuracy while precision is
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the degree of how repeated measurements of the same item are close to each other.
It is practically impossible to measure a physical quantity without some level of
uncertainty. Uncertainty measures the magnitude of the error that have occurred
in the measurement of the results (Bevington & Robinson, [2003). Uncertainty
analysis which is also known as error analysis is therefore the investigation and
estimation of uncertainty in measurements (Taylor, [1997)). This analysis helps to

determine the accuracy and reliability of the measurements.

Uncertainty in measured values arise from a measuring instrument without per-
fect accuracy, uncontrolled environmental conditions and the researchers exper-
tise (Ng'ethe, 2015). Experimental and instrumental uncertainties are done to
determine the overall uncertainty through repeated measurements of the physical

quantity.
3.4.1 Instrumental Uncertainty

Instrumental uncertainty occurs as a result of inaccuracies in the measuring in-
struments used for the various measurements. The uncertainties in the inde-
pendent variables help to determine the propagated uncertainty in a dependent
variable. The performance analysis of the water in glass evacuated tube solar
water heater involved the measurement of solar irradiation, temperature of water
inlet, temperature of water outlet and the volume of water in the collector tubes.
The volume of water in the tank and the collector area were provided by the
system manufacturer while the density of water and the specific heat capacity of

water are known with certainty.

The instruments used for measuring these independent variables had some level

of uncertainties which propagated into the thermal efficiency of the system. The
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overall uncertainty in the efficiency was calculated using Equation (3.4)) Equation

(3.5) and Equation (3.6 (Bevington & Robinson 2003)).

77 = n(ﬂna Tout7 G; V) (34)

on 6T\ 0Tyt 2 5G\? SV\?
mn ou 35
n 100\/( jl ) ( jout ) G ‘ ( )

e The inlet and outlet temperatures were measured using a TNA 110 ther-

mometer with manufacturers specified precision of & 1 °C (0T, 0ut = £1

°Q).

e Irradiance meter with a manufacturers specified precision of 45 W/m?

(0G = £5 W/m?) was used to measure solar irradiation.

3

e A Measuring cylinder with precision of £3 x 1075 m3 was used to measure

the volume of water in the collector tube.

Equation ((3.5)) was expressed as

Uy = 100y (Ur,)? + (Un,.)* + (U)* + (Uv)? (36)
where U,,, Ur,,, Ur,,,, Ug and Uy are the uncertainties in efficiency, temperature

inlet, temperature outlet, solar irradiation and collector volume measurement.

respectively.

From ({3.6]), the overall uncertainty in the thermal efficiency of the water in glass

evacuated tube solar water heater was found to be 3.9%.
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3.4.2 Experimental Uncertainty

Experimental uncertainties are classified as random and systematic uncertainties
(Taylor, 1997). Random errors are attributed to differences in repeated mea-
surements of the same item while systematic errors result from inaccuracies from
poorly calibrated instrument or inaccurate readings by an observer. The mea-
suring instruments were calibrated to eliminate systematic errors from the mea-
surements. Statistical methods are used to analyze random uncertainties in ex-
perimental data but not systematic errors. Repetition of the measurements (five
different measurements) were carried out to determine the standard deviation of
mean (SDOM) which indicates random uncertainty in the results. Determination
of the standard deviation of mean involved calculation of the mean and standard
deviation of the independent measured values of each variable using Equation

(3.7) and Equation (3.8]) respectively (Taylor, (1997).

B (3.7)

On = ﬁ (Z(nz - ﬁ)Q) (3'8)

=1

The standard deviation of mean (uncertainty or standard error) was calculated

using equation (3.9) (Bevington & Robinson, 2003)).

n_ 3.9
VN (39)
where 7] is the mean of the data, o, is the standard deviation, N is the number

of data points, o5 is the standard error and 7; is the individual data points.

The measured parameters used in the calculation of the thermal efficiency of
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the water in glass evacuated tube solar water heater were inlet temperature,
outlet temperature, solar irradiation and the volume of water in the collector
tubes. Five repeated measurements were taken for each of the parameters for 10
days. The standard deviation and standard deviation of mean (standard error
or uncertainty) is presented in Table [3.3] The standard deviation was consistent
with the estimate of the instrumental uncertainties and the uncertainty was less

than 5.0%.

Table 3.3: Standard Deviation and Standard Error for Parameters

Average Standard Standard
Parameter

value deviation(%)  error(%)
Efficiency — 3.7 1.6
Solar irradiation 730 W/m? 3.4 1.5
Inlet temperature 27 °C 1.9 0.8
Outlet temperature 68 °C 1.8 0.8
Collector Volume 50 litres 1.2 0.6

3.5 Simulation Model Development and Valida-
tion

3.5.1 Design and Sizing of WG-ETSC

The experimental setup of the water in glass evacuated tube solar heater consisted
of 20 collector tubes connected directly to a 200 litres horizontally mounted tank.
To reduce computational time and resources required, a single-ended tube con-

nected directly to a corresponding portion of the tank was modelled in this study.
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The collector tube was inclined at an angle of 23 degrees to the horizontal with
a length of 1800 mm and an inner tube diameter of 47 mm. The tank has a
diameter of 376 mm, a height of 90 mm and a volume of 10 litres. The thickness
of the wall of the inner collector tube was 1.6 mm while the walls of the tank was
assumed to be adiabatic with a thickness of 48 mm. These specifications were
selected based on the specifications of the experimental setup as shown in Figure
Figure (3.6 shows the design of the computational model whereas Table

shows the specifications of the model.

Figure 3.6: Design of Computational Model
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Table 3.4: Specifications of Computational Model

S /NO Element Specification
1 Tank volume 10 litres

2 Tank diameter 376 mm

3 Tank length 90 mm

4 Collector tube length 1800 mm

5 Collector tube inner diameter 47 mm

6 Collector tilt angle 23 degrees

7 Collector Volume 2.5 litres

3.5.2 Computational Domain of the Simulation

Computational domain and mesh size are critical factors that affect the accuracy
of the results obtained from computational fluid dynamics simulation (He et al.,
2008)). A careful and appropriate selection of the computational domain ensures

an accurate prediction of the behaviour of the physical system.

The computational domain for the model consisted of a single collector tube
connected directly to a horizontal tank with the axes of the tank and tube per-
pendicular to each other. The collector tube consisted of the coated inner glass
tube responsible for the absorption of solar radiation and the hollow fluid channel
for circulation of water. The tank consisted of an inner stainless steel cylinder

and an inner space for water circulation and storage.

The plastic painted external casing of the tank, the transparent glass tube, the

vacuum space between the two glass tubes of the collector and the header tank
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were not included as part of the geometrical model or the computational do-
main. However, their effect on the performance of the system were incorporated
in the boundary condition. The 3-D model was designed using Inventor 2020 and
imported into ANSYS design modeller for complete development of the compu-

tational domain.
3.5.3 Discretization of the Computational Domain

Grid generation is a key step in numerical simulation because it determines the
accuracy and stability of the predictions (Yao et al. [2015). The discretization
process involved dividing the computational domain into small units called con-
trol volumes along which the governing equations were solved in the simulation

process.

ANSYS Meshing Tool was used to discretize the computational domain. To
ensure a solution that is independent of the mesh size, stable and accurate, a

grid-independent test was conducted taking into account various mesh sizes.
3.5.4 Grid Independence Test

A grid independence test was conducted to ensure a mesh independent solution.
Generally, the grid independence test is done to determine the quality and sta-
bility of the discretized domain. It ensures a refined mesh size in which a further
decrease in the size of the mesh does not affect the solution. A coarse mesh results
in inconsistency in the solution and also hinders the solution convergence (Suresh:
& Regallaj, [2014). These limitations can be eliminated through the use of a fine
mesh, however, it increases the computational time and space. A medium mesh

was used in this study.
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Multiple mesh sizes were investigated and their outcomes compared. Five dif-
ferent mesh sizes were tested while holding all other conditions constant. The

temperature of water in the tank was observed at particular time intervals.

The initial mesh size was 12 mm with 66829 elements and 13636 nodes. The mesh
was then refined to 8 mm, 6 mm, 5 mm and 4 mm respectively. From a mesh size
of 6 mm, it was observed that further refinement to 5 mm and 4 mm produced
no appreciable change in the results of the simulation as observed in Figure [3.7]
Table shows the different mesh sizes used in the mesh independence test and

their corresponding number of nodes, elements and the output temperatures.
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Figure 3.7: Meshed Independence Test
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Table 3.5: Mesh Independence Test for the Simulation

Mesh Number of Number  Average Highest

Size Elements of Nodes Temperature Temperature

[mm] in Tank [°C] in Collector
°C]

12 66829 13636 68.3 74.9

8 224811 43121 68.1 74.5

6 526528 97408 67.9 74.2

5 908785 165365 67.9 74.2

4 1776526 318731 67.9 74.2

Based on the data from the grid independence test, a mesh size of 5 mm with

908785 elements and 165365 nodes was used in discretizing the computational do-

main into control volumes. Figure 3.8 shows the meshed computational domain.

3.5.5 Simulation Assumptions

In CFD simulations, complex physical systems are simplified as much as possible

without compromising on the accuracy of the numerical model. The following

assumptions were made during the simulation of the WG-ETSWH to simplify its

complexity.

1. The intensity of radiation at the upper surface of the tube is uniform.

2. Heat loss from the tank through conduction, convection, and radiation is

negligible.
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() (b)
Figure 3.8: Computational Grid for (a) Entire Domain and (b) Portion of Tank

3. No heat transfer between the collector and the surrounding due to the

vacuum space between the glass tubes.
4. The tank and the collector are full of water and no air.
5. The flow is internal and incompressible.

6. The flow is laminar and transient.

3.5.6 Flow Governing Equations of Water in Glass ETSC

In this analysis, the system is assumed to be three dimensional, transient and

laminar. The following continuity, momentum, and energy equations governing

fluid flow were used and are presented in Eq. (3.10)), Eq. (3.11) and Eq.(3.12)),

respectively (Versteeg & Malalasekera |2007)).
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Continuity Equation

~0 (3.10)

Momentum Equation

dpu;)  Opuu;) 0 , Ou Op
a dr;  Ox; (“3%) Bz, TP (3.11)
Energy Equation
9(pT) 0 oT
‘ o = 3.12

where
p is density, p is dynamic viscosity, p is pressure, k is thermal conductivity, T is
temperature, z; is position tensor, ¢, is specific heat capacity, u is velocity and ¢

1s time.

3.5.7 Materials of Computational Domain

The computational domain consisted of the tank and the collector tube. The
walls of the tank are opaque and are made of steel while the walls of the collector
tube are made of glass. The cell zone contains water in the liquid state. Table

3.6 shows the materials used and their properties.

3.5.8 Boundary and Initial Conditions

Boundary conditions in CFD simulations represent the initial boundary proper-
ties and environmental conditions present in the analysis of the physical system.
Correct specification of the boundary conditions in numerical simulation repre-

sents its approximation of the physical system and also ensures the accuracy of
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Table 3.6: Material Properties for Computational Domain

No. Materials Density Specific heat Conductivity
[Kg/m?] [J/Kg.K] at [w/m.K]
25 °C at 25 °C
1 Stainless Steel (Engi-| 7840 480 12.7

neering Toolbox, 2007)

2 Borosilicate glass (Divi- 2230 750 1.14
sion Goodfellow Ceram-
ics and Glass, 2008)

3 Water (Fluent|, 2018) incompressible 4182 0.6
ideal gas

the simulated result.

The simulation model consisted of the collector tube and the tank. Transient
condition was used for this simulation. The Solar ray-tracing model which is
built-in ANSY'S software was used as the source of solar irradiation. Atmospheric
conditions including the day of the year, time of the day, time zone, latitude and

longitude of the area were specified together with the sunshine factor.

The collector wall was set as a transparent glass tube which affects solar ray
tracing. The walls of the tank were set as opaque and did not affect the ray
tracing. The working fluid was water and the initial temperature of water in
the system was set as 27 ¢ C. The flow was assumed to be laminar. The system
was assumed to be full of water and no inlet and outlet conditions were assumed.
Circulation of water in the system was as a result of the difference in water density

at various portions due to uneven heating of water.
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Environmental conditions such as atmospheric pressure and temperature were
also taken into consideration under the boundary conditions. The boundary
conditions used in this simulation are summarized in Table 3.7l These values

were selected based on the conditions that existed in the experimental setup.

Table 3.7: Summary of Boundary Conditions

No Boundary type Condition

1 Inlet temperature 27 degrees Celsius

2 Collector wall thickness 1.6 mm

3 Tank wall thickness 48 mm

4 Collector tilt angle 23 degrees

5 Sunshine factor 0.7

6 Collector absorptivity 0.96

7 Collector transmissivity 0.04

8 Solar tracing latitude and longitude -1.03326 and 37.06933

9 Zones of computational domain Tank, collector, liquid water

3.5.9 Solution Method and Spatial Discretization Schemes

Fluid flow is classified as compressible and incompressible. In incompressible
flow, a force applied does not change the density of the fluid to a considerable
degree (normally the mach number is less than 0.3) and hence its variables can be
found using the equation of state. For compressible flows, the volume of the fluid

particle can change hence an explicit equation for pressure cannot be determined.

The two solvers used in ANSYS simulations are the pressure-based and density-
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based solvers. However, pressure-based solvers are suitable for incompressible and
mild compressible flows while density based solvers are suitable for flows which

are compressible (Fluent, [2018]).

The computational domain was divided into small cells called control volumes.
Each control volume has a centre called the nodal point where the properties
are defined (Versteeg & Malalasekera) 2007). Discretized equations are then ob-
tained at the nodal point by integrating the governing equation over the control
volume. These discretized equations are solved to determine the properties at
the node. However, to determine the variables at the faces of the control volume,
interpolation methods called spatial discretization schemes are used. The conti-
nuity, momentum and energy equations are solved iteratively to obtain velocity,

temperature, pressure density, forces and other variables.

The coupled algorithm which is suitable for transient conditions with large time
steps was used to deal with the pressure velocity coupling. The spatial discretiza-
tion schemes used for this study include least squares cell-based for gradient,
second-order upwind for both momentum and energy and body weighted force
for pressure. Body weighted force is suitable for natural convection flows since
it takes into account the discontinuity in the pressure gradient caused by rapid

change in density (Fluent} 2018).
3.5.10 Simulation Convergence

Convergence in a CFD simulation is said to be achieved if the change in the solu-
tion variables of interest are negligible from one iteration to the other. One way
to determine simulation convergence is to monitor the solution residual values.

Residuals measure the error between successive solutions of a particular equation
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or variable. The lower the residual value, the more accurate the solution.

A Core i3 computer with 4 GB RAM was used for this simulation. A time
step of 1 sec was set for the simulation process and it took around 15 hours for
completion of a single simulation. The residual value for the momentum equation
was less than 0.00001, that of the continuity equation was less than 0.001 while
the residual for the energy equation was less than 10!, Figure shows the

plot of the residuals from the simulation.
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Figure 3.9: Residuals from Simulation

3.5.11 Simulation Processes

ANSYS Fluent package was used for this simulation work. The basis for choosing
ANSYS Fluent package is due to its robustness in simulating solar water heat-

ing systems and its ability to solve the flow governing equations along with the

environmental conditions (Ali Omer Ali, 2019)).

A typical simulation process in ANSYS Fluent involves three stages namely pre-

processing, solving and post-processing. The following steps were followed in the
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simulation process.

e The 3-D computational model was developed using Inventor 2020 software

and imported as external geometry into the ANSYS Design Modeller.

e Meshing was then performed in ANSYS Meshing tool by sub-dividing the
computational domain into control volumes where the governing equations

are to be solved.

e In the setup phase, pressure-based solver which is recommended for incom-
pressible flows was selected. The flow was assumed to be transient since it is
time-dependent. Energy as well as solar ray tracing models were activated.
Laminar fluid flow was also imposed on the software since the fluid flow in

the system is laminar.

e The material properties of the computational domain was defined according

to the experimental setup.

e Boundary conditions for the collector tube and the tank were imposed on

the software.

e Appropriate solution methods and spatial discretization schemes were se-

lected to calculate the solution parameters from the governing equations.

e Standard and hybrid initialization are the two commonly used methods for
initialization of the solution in ANSYS Fluent. Standard initialization was
adopted for this study. Time step size, number of time step and number
of iterations per time step were specified to calculate the solution until

convergence was achieved.
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e The ANSYS post-processor was used to display the results of the simulation

in form of temperature and velocity contours.

Figure [3.10| shows the flow chart of the simulation process.
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3.6 Validation of the Model

The results from the CFD model were compared with experimental data to de-
termine the reliability, accuracy and validity of the CFD model. As mentioned
earlier in chapter 3, the CFD model was developed using the specifications of
the experimental setup. Additionally, the initial and boundary conditions used
in the CFD simulation were selected based on the operating and environmental
conditions of the experimental setup. This makes it possible to validate the CFD

model using the experimental data.

3.7 Performance Testing Parameters

In the water in glass evacuated tube solar water heater, the collector influences
greatly the performance of the system. It is where absorption and conversion of
the solar energy from the sun to heat energy takes place. Heat transfer occurs
between the inner glass tube and the water circulating within the tube. The rate
at which the heat transfer takes place significantly influences the performance of

the WG-ETSC.

The sizing of the collector tube and its orientation are critical in the optimization
of the thermal performance of water in glass evacuated tube solar water heater.
In this research, the length, diameter and tilt angle of the collector tube were

explored.
3.7.1 Collector Length Investigation Method

To fully investigate the effect of the collector length on the performance of water
in glass evacuated tube solar collector (WG-ETSC), a systematic procedure of

varying the length while all other parameters are held constant was adopted. All
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other parameters including geometric parameters, initial and boundary condi-

tions, solution methods, discretization schemes were kept constant.

Three different collector lengths were considered for the investigation; collector
lengths of 1600 mm, 1800 mm and 2000 mm. Common water in glass evacuated
tube solar water heaters available in the market have collector lengths ranging
from 1500 mm to 2100 mm. These three collector tube lengths were selected
based on the current trend of water in glass evacuated tube solar water heaters

existing in the Kenya market. For each of the three collector lengths investigated,

a CFD model was developed in ANSYS Fluent.

3.7.2 Collector Tilt Angle Investigation Method

Collector tube tilt angle has a significant effect on the solar energy gain and
flow patterns inside the storage tank (Bracamonte et al.l 2015). Therefore, to
increase the performance of WG-ETSC, an investigation on the effect of the tilt
angle of the collector tube needs to be considered. Depending on the geographic
location, an optimum tilt angle must be established for optimum performance of

the system.

Investigation of the effect of tilt angle on the performance of the system was done
using tilt angles of 10, 17, 23, 30, 35 and 45 degrees. These angles were selected
within the range of installation tilt angles of water in glass evacuated tube solar
water heaters in Kenya. While varying the tilt angle, all other parameters and

conditions were held constant.
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3.7.3 Effect of Collector Tube Diameter

The exposed surface area of the collector tube affects the rate of solar energy
absorption. The surface area of the collector is dependent on its diameter. Ad-
ditionally, the diameter of the collector tube may also affect the flow patterns in
the tube. A need therefore arises to investigate the effect of the tube diameter

on the performance of water in glass evacuated tube solar water heater.

To investigate the effect of collector tube diameter, the diameter of the CFD
model was varied while keeping all other factors constant. The diameters used
for the investigation were 42 mm, 47 mm and 52 mm. These diameters take
into account the minimum, maximum and average diameters of water in glass

evacuated tube solar water heaters in the Kenya market.

3.8 Optimization of the Thermal Performance
of WG-ETSWH

Optimization is defined as the process of obtaining conditions that give a max-
imum or minimum value of a function (Rao, 2009). It involves finding the best
results for a particular problem or circumstance. The ultimate aim of the opti-
mization process is either to minimize the effort required or maximize the desired
benefit (Menon, [2005). ANSYS design exploration was implored to optimize the

performance of the WG-ETSWH.

The optimization process in ANSYS involves an initial design of the CFD model,
meshing of the computational domain, setup and solution and post-processing of
the results. The input and output parameters are specified during the simulation

process. These input and output parameters are the critical variables that needs
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to be maximized or minimized in the optimization process. The input and output
parameters are classified as design variables, state variables and objective variable
in ANSYS (Beno et al., [2014). Design variables are the independent parameters
that directly affect the output of the system while state variables depend on the

design variables and changes accordingly with a change in the design variables.

Collector tube length, collector tilt angle and collector tube diameter were set
as input parameters. Output parameters for the optimization process were the
average temperature in the storage tank, average system velocity and solar heat
flux on the collector surface. These were used as objective variables in the op-
timization process. Response surface optimization model was selected for the
design exploration analysis. Response surface optimization involves the design of

experiment, surface response and finally optimization.
3.8.1 Steps in Response Surface Optimization

1. Design of experiment
2. Surface Response
3. Optimization
3.8.2 Design of Experiments

Design of Experiments is defined as the process of planning, designing and ana-
lyzing experiments to effectively draw a valid and objective conclusion (Antony),
2014)). Design of experiments in ANSYS involves defining the input parameters
(design variables) and the output variables. Design variables specified were col-
lector length, collector diameter and collector tilt angle. The lower bound and

the upper bond for each design variable was specified as shown in Table [3.8
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Table 3.8: Lower and Upper Bound for Various Design Variables

No Design variable Lower bound  Upper bound
1 Collector length 1500 2100

2 Collector diameter 42 52

3 Collector tilt angle 10 45

Output parameters specified for the design of experiments include average tem-
perature in the storage tank, average velocity and solar heat flux. The optimal
space filling was selected as an experiment type and max-min distance as design
type. Optimal space filling method spreads the design points uniformly within
the design space. Max-min distance ensures that no two data points are very

close to each other (Fluent, 2018).
3.8.3 Surface Response

Response surface describes the output parameters in terms of the input param-
eters (Fluent, 2018). Response surface data are obtained from the design of
experiment data. It generates approximated values for the output parameters

from the design of experiments.

The non-parametric regression method was set as the response surface type. It
predicts output parameters by using an important data point as a reference and

the response produced is of a high quality.
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3.8.4 Optimization

The optimization process of the water in glass evacuated tube solar water heater
was conducted using the Multi-Objective Genetic Algorithm (MOGA) method.
The MOGA method can operate with all kinds of input parameters and can also
handle multiple objectives (Fluent} 2018]). The number of initial samples used
is 500 and the number of samples per iteration was set to 200. A larger initial
sample size enhances the chance of obtaining the input parameters with the best

output.

The domain for the collector length ranges from 1500 mm and to 2100 mm,
the domain for the collector tilt angle was from 10 to 50 degrees and that of the
collector diameter was from 42 mm to 54 mm. The objectives and the constraints
set for the output parameters are represented in Table[3.9,  The solution of the

Table 3.9: Optimization Objectives and Constraints

Parameter Objective Constraint

Average water temperature Maximize Values greater than
in tank Lower bound

Average flow velocity Maximize Values greater than

lower bound

Solar heat flux Maximize No constraint

optimization problem converged after 1386 evaluations.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Overview

This chapter presents the thermal performance of water in glass evacuated tube
solar water heater under the climatic conditions in Kenya, investigated both
experimentally and numerically. The findings on effect of collector tube length,
collector diameter and collector tilt angle on the performance of the system is

also presented and discussed in this chapter.

4.2 Performance of Water in Glass Evacuated
Tube Solar Water Heater

4.2.1 Atmospheric Conditions

The solar irradiation at the study area increased in the morning until 1:00 pm
where a maximum irradiation was recorded and then a gradual reduction in the
irradiation was observed until 6 pm. An increasing trend in ambient temperature
was observed from the morning hours until around 2 pm where the ambient

temperature begins to decrease.

The maximum ambient temperature recorded during the study period was 33

°C. The study was conducted during the months of January and February, 2021.
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Figure 4.1| shows a typical irradiation and atmospheric temperature recorded on

the 28th of January, 2021.
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Figure 4.1: Ambient Temperature and Irradiation on 28th January

4.2.2 Temperature Distribution in the Tank

Daily measurement of the temperatures in the tank were taken from 9:00 am to
5:00 pm. Temperatures at the top portion, middle portion and bottom of the
tank were measured at points within the tank as shown in Figure [3.5] Figure
[4.2] shows the temperature distribution of water at the bottom, middle and top
portions of the tank at various hours of the day for two different days. T, is the
temperature of water at the top of the tank, T, is the temperature at the middle
of the tank and 7} is the temperature at the bottom of the tank as seen in Figure
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Figure 4.2: Temperature Distribution at Various Points in the Tank
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Temperature variations were observed at different points in the tank. The devia-
tion in water temperature at the middle portion and the top portion of the tank is
negligible. However, a major deviation in water temperature is seen between the
middle portion of the tank and the bottom of the tank. A temperature difference
of about 23 °C was observed between the water at the bottom of the tank and
the water at the middle portion of the tank on 28th January, 2021 at 5:00 pm.

Similar results were recorded for the other days in the study period.

This is attributed to the fluid transfer between the evacuated tubes and the tank
(Morrison et al., 2004). The evacuated tubes are inclined at an angle to the tank
and hence leaves a portion of the water in the tank below the tubes thermally
inactive. Since the hot water returning from the tubes is less dense compared
to the cold water below the tubes in the tank, penetration of hot water to the
bottom of the tank through natural circulation is hindered which leads to low
water temperature at the bottom of the tank. This reduces the fraction of hot
water in the tank available for use at any point in time. These results agree with
the work done by Morrison et al.| (2004)), Tang et al.| (2011) and Bracamonte et al.
(2015), who predicted the presence of a thermally inactive region at the bottom
of the storage tank. The fraction of hot water within the tank can be increased
sufficiently by increasing the tilt angle of the tubes and reducing the length of

the tubes inside the tank.
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4.2.3 Rate of Cooling in the Night

The hot water in the tank is retained throughout the night until the next morning.
The temperature of water at the top, middle and bottom portion of the tank were

recorded at 7:00 am to determine the rate of cooling in the tank during the night.

A uniform water temperature was recorded at the middle and at the upper por-
tions of the tank for the various days while the temperature of water at the bottom
(below tube opening) remained lower than at the portions above the opening of
the tube. Table 4.1| shows the temperature distribution in the tank at 9:00 am,
5:00 pm in the evening and 7:00 am of the following day.

Table 4.1: Temperature Distribution in the Tank During the Evening and in
the Morning of the Following Day

Initial Evening Morning of
Date temperatures (5:00 pm ) following day
(9:00 am) ( 7:00 am)
Tm(°C) Tb(°C) Tm(°C) Tb(°C) Tm(°C) Tb (°C)

26th January, 28 28 64 42 5} 52

2021

28th January, 27 27 68 45 59 55

2021

29th January, 29 29 69 46 60 5}

2021

The temperature distribution shows a decrease in temperature of water at the
portion above the tube opening in the tank and a rise in temperature of water
at the portions below the tube opening in the tank from 5:00 pm to 7:00 am

as observed in Table .1l At the portions above the tube opening, a decrease
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of about 9 °C in water temperature was recorded for the 14 hour period of no
significant solar irradiation whilst a temperature rise of about 10°C was recorded

at the bottom of the tank.

Figure [4.3| shows the distribution of water temperature in the tank for 22 hour

period as observed on 28th January, 2021.
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Figure 4.3: Temperature Distribution at the Upper Portion and at the Bottom
of the Storage Tank on 28th January, 2021.

This observation was attributed to the natural convection heat transfer that oc-
curs between the hot water at the top of the tank and the cold water at the
bottom of the tank. This phenomenon tends to establish a uniform temperature

in the tank in the absence of solar radiations in the night. Mixing of the hot water
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above the tube opening in the tank with the cold water below the tube opening
occurred which led to a decrease of about 9 °C in the temperature of water at
the upper part of the tank. Heat transfer between the solar water heater and the

ambient air is minimum during the night.
4.2.4 Performance of Water in Glass Evacuated Tube SWH

The performance of water in glass evacuated tube solar water heater was investi-
gated using 20 tubes connected directly to a 200-litre tank. Each collector tube
has a volume of 2.5 litres. The total volume of the 20 collector tubes is 50 litres.
The system was filled with water in the morning and allowed to operate until 5
pm without drawing water from it. The initial temperature in the morning was
recorded as Tj, and the final temperature in the evening was measured as T,,;.
Corresponding irradiation levels were measured to determine the efficiency of the
system. The efficiency was calculated using Equation . Figure shows the

daily solar irradiation and the corresponding daily efficiency of the system.
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Figure 4.4: Performance of Water in Glass Evacuated Tube SWH
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The amount of daily incident irradiation has a great influence on the final tem-
perature of the system. Heat gained by the water in the tank is relatively high
for higher solar irradiation. The heat gained by the system was calculated using
Equation . The highest solar irradiation for the study period occurred on
28th January, 2021 with solar irradiation of 21 MJm™2 and a corresponding heat
gain of 42.85 MJ. Therefore, placing the solar water heater at a point of maximum

solar irradiation incidence is beneficial for optimum heat gain.

The efficiency of water in glass evacuated tube solar water heater was found
to be in the range of 58% - 65% under the climatic conditions of Juja, Kenya.
Atmospheric and climatic conditions have a great impact on the performance of
WG-ETSWH. Since the climatic conditions in Kenya vary from one region to
another, there is a need to investigate the performance of WG-ETSWH in other

parts of the country.

4.3 Simulation Results and Validation

4.3.1 Performance of CFD Model

The CFD model of the water in glass evacuated tube solar water heater was
simulated using the methods described above together with the environmental
conditions that existed in the experimental set up. From the simulation results,
the temperature of water in the collector tube was higher than the temperature
of water in the storage tank. The bottom portion of the collector tube was found
to have the highest water temperature. The average temperature of water in the

storage tank was found to be 67.9 °C.
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Figure 4.5 shows the temperature distribution in the CFD model.

Figure 4.5: Temperature Distribution in the CFD Model

The flow velocity was found to be higher at the upper regions of the collector tube
near the storage tank and at the regions around the tube opening in the storage
tank. This behavior may be attributed to the high mixing rate of the cold water
from the storage tank and the hot water from the collector tube at these regions
due to the high temperature difference. However, a region of water stagnation
was observed at the bottom of the collector tube. The average flow velocity in
the system was 0.000174 ms~!. Figure shows the velocity distribution in the

CFD model.
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Figure 4.6: Velocity Distribution in the CFD Model

4.3.2 Validation of the Performance of CFD Model

To ensure the validity of the CFD model for further analysis, the results from
the simulated model were compared to the results from the experimental setup.
Table [4.2] shows a comparison of the experimental results with the simulation
results for data obtained on 28th January, 2021. The initial temperature of the
water in the system was 27° C. The data shows an average deviation of 0.23 %

of the simulated results from the experimental results.

This close agreement proves the validity and accuracy of the simulation model

and hence can be used to represent the real system for further studies.
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Table 4.2: Comparison of Experimental and Simulation Results

Time Radiation Experimental Simulation  %Error
[W/m?] Tout [ C] Tout [ C]

9 am 420 27 27.0 0

10 am 670 33 31.7 0.42

11 am 850 39 38.1 0.29

12 pm 950 44 44.4 0.17

1 pm 970 51 50.6 0.12

2 pm 940 56 56.5 0.15

3 pm 760 63 62.3 0.20

4 pm 570 67 67.9 0.26

4.4 Effect of Geometric Variables on Performance
from Simulation

4.4.1 Effect of Collector Tube Length

Collector tube lengths of 1600 mm, 1800 mm and 2000 mm were used to inves-
tigate the effect of the length of the collector tube on the performance of water
in glass evacuated tube solar water heater. Results from the simulation revealed
that the length of the collector tube affects the heat gain and hence the temper-
ature output of the system. The model with the longest collector tube length
(2000 mm) achieved the highest water temperature of about 70.5 °C whilst the
lowest temperature recorded was for the shortest tube length of 1600 mm. The

lowest temperature recorded was 337.8 °C

The temperature distribution in the tank for the various tube lengths are pre-
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sented in Figure [4.7]
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Figure 4.7: Temperature Distribution for Various Tube Lengths

Increasing the length of the collector tube increases the surface area of the collec-
tor exposed to the sun for solar absorption. Additionally, it increases the volume
of water in the tube available for the heat transfer process between the tube walls
and the water inside the tube. This accounts for the increase in temperature as

the length of the collector tube increases. This results agree with the work done

by [Shah & Furbo| (2007) on all glass evacuated tubes. However, in the determina-

tion of the optimum length of the collector tube, the installation space and ease

of transportation of WG-ETSWH must also be taken into consideration.

The hot water at regions close to the sealed end of the collector tube was found
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to be stagnant for all three cases. The rate of water circulation between the tank
and the collector tube was found to be very high for longer collector tubes as
observed in Figure The longest collector tube length (2000 mm) attained

an average flow velocity of 0.0002 ms~*

while the shortest collector tube length
(1600 mm) attained an average flow velocity of 0.00015 ms~! . This observation

may be attributed to the high heat gain recorded for longer collector tube. This

resulted in rapid changes in density enhancing the natural circulation flow rate.
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Figure 4.8: Average Velocity for Various Tube Lengths

4.4.2 Effect of Collector Tilt Angle

The effect of the collector tilt angle on the performance of water in glass evacuated
tube solar water heater was investigated using tilt angles of 10, 17, 23, 30, 35 and

45 degrees. The collector tube of WG-ETSWH is normally placed at a particular
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angle to absorb maximum solar radiation from the sun. The experimental setup
was placed at an angle of 23 degrees. A constant tube length of 1800 mm was
used while varying the tilt angles. Results from the simulation showed that
within the range of the tested tilt angles, the average water temperature in the
storage tank increases with an increase in tilt angle until 30 degrees where the
average temperature begins to decrease. The highest average water temperature
recorded (67.87 °C) was for tilt angle of 30 degrees. However, the change in
water temperature due to changes in tilt angle was marginal. The temperature
distribution of water in the tank for the various tilt angles are shown in Figure

4.9

67.9 T T T T T T
G7.89 .

GF.ger 7
G7.87

GT.86

GFr.Bsr iy
GF.84
G7.83
BF.82
G7.81
G67.8
10 17 23 30 35 45

Tilt angle (degrees)

Average Temperature {degree celcius)

Figure 4.9: Temperature Distribution for Various Tilt Angles
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However, a decrease in the average flow velocity was observed when the tilt angle
of the collector was increased from 10 degrees to 45 degrees. The highest tilt angle
(45 degrees) recorded the lowest average flow velocity as presented in Figure m
The average flow velocity recorded for a tilt angle of 10 degrees was 0.000179
ms~! whereas 0.000159 ms~! was recorded for a tilt angle of 45 degrees. This
observation was attributed to the natural circulation which occurred between the
tank and the collector tubes. For lower tilt angles, water easily flows from the
tubes to the tank as compared to higher tilt angles. Additionally, the possibility
of stagnant region at the bottom of the collector tube for higher tilt angles might

be a cause for the lower average velocity recorded for higher tilt angles.
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Figure 4.10: Average Velocity for Various Tilt Angles

The maximum flow velocity in the collector tube occurred at regions near the

72



tank. It was observed that the flow velocities at the upper portions of the collector
tube was very high for higher tilt angles. The maximum velocity recorded for tilt
angle of 45 degrees was 0.000529 ms~! while the maximum velocity recorded for
tilt angle of 23 degrees was 0.000486 ms~!. This increases the kinetic energy at
the tube opening for high tilt angles which subsequently enhances the mixing of
the hot and cold water in the storage tank. This finding agrees with the work
done by Bracamonte et al.| (2015). The former author stated that low tilt angles

results in stratification of the water content below the tube openings.

The deviation of the average flow velocity from the maximum flow velocity
recorded for the various tilt angles may be attributed to a possible greater stag-

nation region at the bottom of the collector tube for higher tilt angles.
4.4.3 Effect of Collector Tube Diameter

To establish the influence of collector tube diameter on the performance of water
in glass evacuated tube solar water heater, three different collector tube diameters
were investigated while holding all other parameters constant. The diameters
used for the investigation were 42 mm, 47 mm and 52 mm. The diameter of
the collector tube of the experimental setup was 47 mm. The diameter of the
collector tube determines the exposed surface area of the collector available for

absorption of solar irradiation.

Results from the simulation indicated that the diameter of the collector tube has
a significant influence on the temperature gain of the water in the storage tank.
When the diameter of the collector tube was increased, the temperature of the

water in the storage tank rose significantly as shown in Figure [4.11]

73



glr

I Tube diameter= 42
Tor B Tube dinmeter= 47

B b dameters 52

Cutlet fluid temperature {degree celcius)
i
]

& o 10 11 12 13 14 15 15 17
Time(hours)

Figure 4.11: Average Temperature in the Tank for Various Diameters

An increase in the diameter of the collector tube resulted in an increased surface
area of the collector. This in turn increases the solar irradiation incident on the
collector surface. However, several factors such as number of collector tubes, the
length of the storage tank and the distance between the centres of adjacent collec-
tor tubes must be taken into consideration in the determination of the optimum

tube diameter.

Figure 4.12| shows the velocity distribution for the various collector tube diam-
eters. From the distribution, collector tube diameter of 42 mm recorded the
highest average velocity of 0.00018 ms~1 while collector tube diameter of 52 mm
recorded the lowest average velocity of 0.000169. Increasing the collector tube

diameter resulted in a decrease in the average flow velocity.

74



%104

1.9 T T T

185

1.8

175

185

Average Velocity {ms 1)
-

1.6

155

1.5

47
Collector Diameter (mm)
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4.5 Optimization of WG-ETSWH

Optimization of the WG-ETSWH was conducted using three main design vari-
ables namely, collector tube length, collector tube diameter and collector tilt
angle. Response surface chart which shows the magnitude of impact of each de-
sign variable on the output parameters were plotted. The average temperature
of the water in the storage tank was found to be highly responsive to the change

in collector length as shown in Figure
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Figure 4.13: Temperature Response to Change in Collector Length

From the temperature response to change in collector length chart, a sharp rise in
temperature was observed from a collector length of 1600 mm to 2000 mm where
the curve began to flatten. Figure shows how the average temperature in the
storage tank responds to changes in the collector tube diameter. It was observed
from the temperature- diameter response chart that the collector tube diameter

greatly affected the average water temperature in the storage tank.

Changes in the collector tilt angle, the collector tube length and the collector
tube diameter were found to have appreciable influence on the flow velocity in
the system. The collector tilt angle had a marginal influence on the average
temperature in the storage tank as presented in Figure |4.15 However, variations

in the flow velocity was observed as the tilt angle was varied from 10 to 50 degrees.
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These three design variables were optimized to improve the performance of the
water in glass evacuated tube solar water heater using ANSY'S design exploration.
From the optimization data, the optimum collector tube length was found to be
2000 mm taking into account installation space requirements and ease of system
transportation. The optimum collector diameter was found to be 50 mm and the

optimum collector tilt angle was found to be 28 degrees.

The water outlet temperature and the average flow velocity from the CFD simu-
lation were 67.9 ° C and 0.00017 ms~! respectively whereas the optimized CFD
model recorded water outlet temperature of 72.0 © C and an average flow velocity
of 0.00019 ms~t. The optimized design of the WG-ETSWH enhanced the out-
let temperature of the water in the storage tank by 6.0 % and the average flow

velocity of water in the system by 11.8 %.

Figure [1.16] and Figure [4.17) shows the temperature and velocity distribution of

the optimized CFD model.
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Figure 4.16: Temperature Distribution in the Optimized CFD Model

Figure 4.17: Velocity Distribution in the Optimized CFD Model
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CHAPTER FIVE

CONCLUSION AND
RECOMMENDATIONS

5.1 Conclusion

In this research study, the thermal performance of water in glass evacuated tube
solar water heater was investigated. An experimental study on the performance
of water in glass evacuated tube solar water heater was conducted under the
climatic conditions in Kenya. A CFD model was developed according to the

specifications of the experimental setup and validated with experimental data.

The validated CFD model was used to study the influence of geometric variables
including the collector tilt angle, collector tube diameter and the collector tube
length on the performance of the system. These geometric variables were opti-
mized using ANSYS design exploration package to improve the performance of
water in glass evacuated solar water heater. The following conclusions were made

from the findings of this research studys;

e The final outlet temperature of the water in glass evacuated tube solar
water heater was found to be ranged from 55 ¢ C to 70 ° C given an initial
temperature of 25 ¢ C for a typical whole day heat collection. The daily

efficiency of the water in glass evacuated tube solar water heater under the
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climatic conditions in Kenya ranges from 58% to 65%. It can be concluded
that water in glass evacuated tube solar water heater is highly suitable for

domestic water heating applications in Kenya.

The length of the collector tube was found to have a significant effect on the
temperature of water in the storage tank and the velocity distribution in the
system. Increasing the collector length greatly enhances the performance of
the WG-ESTWH. However, the sizing of the collector length must take into
account installation space and ease of transportation. It can be concluded

that the optimum length of the collector tube is 2000 mm.

The Collector tilt angle has marginal effect on the temperature distribution
within the storage tank. However, the influence of the collector tilt angle
was seen in the water circulation rate. The average flow velocity for lower
tilt angles were better than for higher tilt angles. From the temperature
and velocity contours for the various tilt angles, it can be concluded that

the optimum tilt angle is 28 degrees.

The diameter of the collector tube of the WG-ETSWH affects the solar
heat flux, the flow rate of water and the temperature distribution in the
storage tank. Increasing the diameter of the collector tube increases the
heat gain of the system. This led to the conclusion that the diameter of
the collector tube has a significant effect on the performance of the water

in glass evacuated tube solar water heater.
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5.2 Recommendations

The research work aimed to improve the thermal performance of water in glass
evacuated tube solar water heater. To further improve the performance of WG-
ETSWH and enhance its utilization , the following recommendations are high-

lighted for further studies.

e A major deviation in water temperature was seen at the portions below the
tube opening and the portions above the tube opening in the storage tank.
This was as a result of the angle at which the collector tubes were inserted
into the storage tank. Further research studies are needed to establish the

conditions that will help to overcome this challenge.

e The absorptivity, reflectivity and transmissivity of the collector materials
affects the rate of absorption of the solar irradiation. Further research
studies on the optical properties of the materials used for the collector are

required to improve the performance of WG-ETSWH.

e The number of collector tubes may influence the performance of the water
in glass evacuated tube solar water heater. More research is required to
establish the influence of the number of collector tubes on the performance

of the solar water heater.

e The collector tube length and diameter were found to have a significant
effect on the performance of the system. However, increasing the collector
tube length and diameter may affect the cost of the WG-ETSWH. Further
research work is needed to establish how increasing the collector tube length

and diameter may affect the current cost of the system.

82



e The solar radiation absorption rate can be enhanced by the use of a solar
tracker system. Further research can be done in this area to improve the

solar energy gain by the collector.
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APPENDICES

Appendix 1: Measuring Devices

Solar Power Meter

Digital Solar Power Meter was used to measure the solar irradiation falling on
the surface of he collector tube. It measures solar irradiation in W/m? with a
response time of 0.25 seconds. Its range of measurement is between 0 to 2000
W/m?. Figure shows the Solar Power Meter used for measuring the solar

irradiation.

Figure A.1: Digital Solar Power Meter for Measuring Solar Irradiation
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Weather Station WH2C Thermo-Hygrometer

Weather Station Thermo-Hygrometer was used to measure the atmospheric tem-
perature. The instrument was calibrated to ensure its accuracy. The instrument
measures wireless outdoor temperatures within the range of -40 to 65 °C and an
indoor temperatures ranged from 0-40 °C. Its transmission range up to 300 feet
open air. Figure shows the Weather Station Thermo-Hygrometer (Receiver)

used for measuring the atmospheric temperature.

Figure A.2: Weather Station for Measuring Atmospheric Temperature
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TNA 110 Thermometer

The inlet and outlet temperatures were measured using TNA 110 digital ther-
mometer. To instrument was calibrated to ensure the accuracy of the measure-
ments. The TNA 110 thermometer can measure temperatures within the range
of -65 to 1000 °C with a precision of + 1 °C. Figure shows the TNA 110

Thermometer used for measuring the inlet and outlet temperatures.

Figure A.3: TNA Thermometer for Measuring Temperature of Water
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Appendix 2: Performance of WG-ETSWH

Table[A.Ishows the daily irradiation, the daily heat gain, the average atmospheric

temperature (7,) and daily thermal efficiency of the system for four different days.

Table A.1: Performance of Water in Glass Evacuated Tube SWH

Date G(MJm™2) Q(MJ) T,(°C) Tin(°C) Tou(°C) n4
26th January, 20.12 37.62 274 28 64 0.623
2021

28th January, 21.00 42.85 28.6 27 68 0.622
2021

29th January, 20.41 41.80 28.7 29 69 0.624
2021

2nd February, 20.24 37.60 29.0 28 64 0.620
2021
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Appendix 3: Model Validation

Figure [A.4] shows the graphical representation of the comparison of simulated

results and experimental results.
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Figure A.4: Comparison of Experimental and Simulation Results

95



Appendix 4: Velocity and Temperature Contours

Figure and Figure shows the temperature and velocity distribution for
collector length of 1600 mm, collector diameter of 47 mm and a tilt angle of 23

degrees .

Figure A.5: Temperature Distribution for Collector Length of 1600mm
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Figure A.6: Velocity Distribution for Collector Length of 1600mm

Figure [A.7] shows the temperature distribution for collector length of 1800 mm,

diameter of 52 and a tilt angle of 23 degrees.

Figure A.7: Temperature Distribution for Collector Diameter of 52 mm
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