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Abstract

Solar water heaters which provide a cost-effective and environmental friendly
approach to hot water generation are in widespread application. Evacuated
tube solar water heaters perform better than flat plate solar water heaters as a
result of their greater surface area exposed for sunlight absorption. Wa-
ter-in-glass evacuated tube solar water heaters are widely used as compared to
heat-pipe solar water heaters due to their short payback periods. In this study,
the performance of water-in-glass evacuated tube solar water heater is inves-
tigated through experiments under the climatic conditions in Kenya. The re-
sults revealed a daily efficiency range of 0.58 - 0.65 and a daily final outlet
temperature greater than 55°C given an initial temperature of 25°C.
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1. Introduction

Increases in population and technological advancement have contributed to a
major rise in energy demand [1]. Global demand for energy increased by 2.3% in
2018 relative to the previous year [2]. This has contributed to the existing energy
crisis which is of considerable interest globally. Solar energy, which is freely
available and emission-free has the capacity to meet the global energy demand.

One way of utilizing solar energy is through solar water heaters (SWHs).

Solar water heaters are applied in heating of water used for industrial, house
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and other commercial applications. This is due to the use of solar collectors
which absorb and convert solar radiations into thermal energy. The hot water
generated is stored in insulated tanks to reduce the rate of heat loss. Solar water
heaters eliminate environmental pollution resulting from the use of fossil fuels
in water heating applications, reduce expenditure on fuels and electricity and
also address the global energy crisis [3].

Currently, the flat plate solar water heater (FP-SWH) and the evacuated tube
solar water heater (ET-SWH) are the commonly used types of solar water heater
for domestic and industrial heating applications. Generally, the performance of
evacuated tube solar collectors (ETSC) is better than flat plate solar collectors [4]
[5]. The two commonly used evacuated tube solar water heaters are the wa-
ter-in-glass system and the heat-pipe design. However, the water-in-glass evacu-
ated tube solar water heater is used widely due to its simple design and cost ef-
fectiveness [5].

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 be-
tween the refrigerant in the heat pipe and the water being heated. However, the
initial cost of heat-pipe evacuated tube solar water heater is high and its payback
period is long.

Water-in-glass evacuated tube solar heater 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 for absorption of solar radiations. A vacuum is created be-
tween the outer glass tube and the inner glass tube to reduce heat losses. An in-
sulation layer of about 50 mm thick 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 it
is replaced by cold water from the tank. Heat transfer in the system is purely by
natural circulation of water [6].

Various research studies have been carried out to investigate, evaluate and
predict the performance of solar water heaters under various climatic condi-
tions. Budihardjo ef al. [7] investigated the performance of evacuated tube solar
collector under the climatic conditions in Australia using both experimental and
numerical techniques. The results showed that evacuated tube solar heater gives
45% annual saving as compared to conventional electric heater. A study con-
ducted by Budihardjo and Morrison [8] under the climatic condition in Sydney
compared the performance of flat plate solar water heater with water in glass
evacuated tube solar water heater. It was revealed that the performance of two
flat plate arrays with collector area of 3.7 m* for domestic heating was higher
than 30 evacuated tube arrays with a collector area of 2.9 m”. This result can be
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attributed to the difference in collector area between the flat plate and the
evacuated tube. The collector area is a key parameter in determining the quan-
tity of solar radiation that can be absorbed.

Hayek, et al [5] compared the performance of water-in-glass evacuated tube
collector and heat-pipe evacuated tube collector according to the Eastern Medi-
terranean Climatic condition. The results indicated that the performance of
heat-pipe evacuated tube is better than water in glass evacuated tube. However,
the payback period for heat-pipe collector is long. An experimental investigation
by Zhang, et al [9] indicated that shorter evacuated tube has better thermal per-
formance than a longer evacuated tube. Three different collector lengths were
used for the study; 1600 mm, 1800 mm and 2100 mm. The study indicated that
the thickness of polyurethane insulation of the storage tank should be 50 mm
thick. Critical radius of insulation, a function of the thermal conductivity of the
insulation material and the external convective heat transfer coefficient is a 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 in-
crease in the rate of heat loss.

Studies conducted by Tang, et al [10] on evacuated tube solar collectors re-
vealed that tilted evacuated tube collected more solar radiation than horizontally
mounted evacuated tube. The positioning of the evacuated tube solar collector
affects the collectible solar irradiation. Depending on the geographic location,
the system must be position at an appropriate tilt angle to maximize the collecti-
ble radiation.

Various parameters including weather condition, installation tilt angle, the
dimensions and number of the evacuated tubes may affect the performance of
the water in glass evacuated solar water heater.

In this study, the overall performance of water in glass solar water heater un-
der the local weather conditions in Kenya is investigated as well as the rate of
heat loss from the system during the night. This 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.

2. Experimental Setup

2.1. Description of the Experimental Setup

An experimental setup for the study was installed at an open area where maxi-
mum absorption of solar radiation can occur. The set-up consists of 20 evacu-
ated tubes directly connected to a storage tank of 200 litre capacity. The storage
tank is made of a stainless steel inner cylinder and a plastic painted insulated
galvanised external casing.

Attached to the main storage tank is a cold water header tank of capacity 8 li-
tre. 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 a
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maximum pressure of 0.1 bar.

Water in glass evacuated tube solar water heaters are referred to as non-pre-
ssurised solar water heaters since it operates at very low pressure and does not
require pumps to circulate the water. Evacuated tubes were inclined at an angle
of 23 degrees to the horizontal. These specifications were chosen based on the
common water-in-glass solar water heaters found in the Kenyan market and
their installation angles. Specifications of the solar water heater are shown in
Table 1.

Figure 1(a) shows the experimental set-up of the evacuated tube solar water
heater and Figure 1(b) shows the inner glass tube of smaller diameter selectively

coated for absorption of solar radiation within the evacuated tube.
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Figure 1. (a) Experimental set-up of WG-SWH and (b) coated inner glass tube responsi-
ble for solar absorption.
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Table 1. Specifications of the solar water heater.

No Element Specification
1 Tank volume 200 liters
2 Tank outer diameter 470 mm
3 Tank insulation thickness 50 mm
4 Outer tube diameter 58 mm
5 Inner tube diameter 47 mm
6 Tube length 1800 mm
7 Tube tilt angle 23 degrees
8 Absorber Area 3.28 m?

2.2. Experimental Methods

The two common methods used for testing the performance of solar water heat-
ers are the water draw-off and the mixing water methods [9]. However, the wa-
ter draw-off method is suitable for systems which operate at very high pressures.
For water in glass evacuated tube solar water heater, an appreciable 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
[9]. 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. During the study, the system
was allowed to operate for 22 hours without drawing water from it. After the
22-hour period, as hot water in the system is being drained through a drain valve
located at the bottom of the storage tank, cold water was fed into the system si-
multaneously through the header tank until a uniform temperature of 27°C +

2°C was obtained.

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 hourly basis starting from 9:00 am in
the morning to 5:00 pm in the evening. The hot water remains in the system till
7:00 am in the next morning where the temperatures are measured to determine
the amount of cooling during the night. An air vent located on the cold water
header tank allows air and vapour released inside the storage tank to be dis-

charged.

2.4. 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 latitude
of —1.1833 and longitude of 37.1167 and it is mostly sunny throughout the year.

The study was conducted in the months of January and February.
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The surrounding air temperatures ranged from 21°C to 32°C with an average
ambient temperature of about 28°C. The speed of wind in the surrounding
ranged from 0.5 m/s to 4 m/s with an average wind speed of 2.4 m/s and the so-

lar irradiation in the area ranged from 0 W/m” to 1100 W/m”.

2.5. Instrumentation

Solar irradiation was measured using solar power meter TM-206, the tempera-
ture readings in the tank were taken using digital thermometer type K(CA),
weather station temperature and humidity sensor was used to measure atmos-
pheric temperature while the speed of the wind was measured using Anemome-

ter. Table 2 shows specifications of the devices used for the data collection.

3. Theoretical Analysis

The analysis of the performance of water-in-glass solar water heater involves
exposing the evacuated tubes to solar radiations and measuring the initial tem-
perature of water in the storage tank and the final temperature of water in the

tank. Heat gained by the system was obtained as
Q = mew (Tout _Tin) (1)

where Q is the daily heat gain (MJ/m?), m is the mass of water in the tank (kg),
C,, is specific heat of water at constant pressure (kJ/(kg “C)), 7,, is the initial
temperature of water in the tank (°C) and 7,
outlet (°C).

The efficiency of the system can be determined by dividing the power output

temperature of water at the tank

ut

(heat gained) by the power input. For solar water heaters, the source of energy
into the system is solar energy. Solar irradiation, G, received and absorbed by the
tubes is the power input. This energy is then transferred to the water in the
tubes. A natural circulation heat transfer mechanism occurs which heats the wa-
ter in the storage tank. The efficiency of the system which is generally referred to
as instantaneous efficiency is calculated using:

= mcpw (Tout _Tin)

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

(m?), Gis the solar irradiation (MJ/m?).

The equation can be written in terms of density and the ratio of solar water

)

tank volume to collector area [9], as

Table 2. Specification of the measuring devices.

Parameter Instrument Range of measurement Precision

Solar irradiation Solar power meter TM-206 0-200 W/m? +10 W/m?
Temperature in tank Thermometer type K (CA) —65°C to 1000°C +1°C

Surrounding wind speed Anemometer 0-20m/s +0.3m/s
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y= prVACpW (Tout _Tin )

G (3)

where R, is the ratio of the storage tank volume to the area of the collector in

L/m?* and p,, is the density of water (kg/m®).

4. Results and Discussion
4.1. Temperature Distribution in the Tank

Daily measurements were taken from 9:00 am to 5:00 pm. Temperatures at dif-
ferent points in the tank as shown in Figure 2 were measured.

Where Tu is the temperature at topmost part of the storage tank, Tm is the
temperature at the middle, Tb temperature at bottom of tank. Figure 3 shows
the ambient temperatures and solar irradiation measured on 28" January. The
solar irradiation increased in the morning until 1:00pm where a maximum irra-
diation was recorded and then a gradual reduction in the irradiation was seen
until 6pm in the evening. The maximum ambient temperature recorded during
the day was 31°C.

Figure 4 shows the temperature distribution of water at the bottom, middle
and top of the tank at various hours of the day for two different days. Variations
in temperature were observed at different points in the tank. The deviation in
temperatures between the middle portion and the top of the tank is negligible.
However, a major deviation in temperature is seen between the middle portion
of the tank and the bottom of the tank.

outer surface

Water of tank
inside the
tank
Inner tank
surface

Figure 2. Points of temperature measurement in the storage tank.
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Figure 3. Typical ambient temperature and irradiation measured on 28th January.
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Figure 4. Temperature distribution at various point in the tank during various hours of
the day, (a) 28" January, 2021; (b) 29" January, 2021 (Tu is the temperature of water at
the top of the tank, Tm is the temperature at the middle of the tank and Tb is the tem-
perature at the bottom of the tank as seen in Figure 2).

This is as a result of the fluid transfer between the evacuated tubes and the
tank [11]. The evacuated tubes are inclined at an angle to the tank and hence
leave 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 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 avail-
able for use at any point in time. These results agree with the work done by
Morrison, et al [11], Tang et al. [12] and Bracamonte, et al. [13]. 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. Rate of Cooling in the Night

The hot water in the tank is retained throughout the night until the next morn-
ing. Temperatures at the top, middle portion and the bottom of the tank were
recorded in the morning at 7:00am to determine the rate of heat loss from the
tank during the night. A uniform temperature was recorded at the middle and at
the upper portions of the tank for the various days while the temperature of wa-
ter at the bottom remained lower than at the portions above the opening of the
tube. Table 3 shows the temperature distribution in tank at 9:00am, 5:00pm in
the evening and 7:00am in the morning of the following day.

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 bottom of the tank during the morning hours as seen in Table 3 and Figure
5. This observation can be attributed to the natural convection heat transfer that
occurs 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 above the tube
opening in tank with the cold water below the tube opening occurs which leads
to a decrease in temperature at the upper part of the tank. Heat transfer between

the solar water heater and the ambient is minimum during the night.
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Figure 5. Temperature distribution at the upper part of the storage tank and at the bot-
tom of the tank on 28" January.

Table 3. Temperature distribution in the tank during the evening and the next morning.

Initial temperatures Evening Morning (7:00am)
Date (9:00am) (5:00pm) of the following day

Tm/°C Tb/°C Tm/°C Tb/°C Tm/°C Tb/°C

26t January, 2021 28 28 64 42 55 52
28t January, 2021 27 27 68 45 59 55
29t January, 2021 29 29 69 46 60 55
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4.3. Performance of Water in Glass Evacuated Tube Solar Water
Heater

The performance of water in glass evacuated tube solar water heater was inves-
tigated using 20 tubes connected directly to a 200 litre tank. Each tube has a
volume of 2.5 litres. The total volume of the 20 tubes is 50 litres. The system is
filled with water in the morning and allowed to operate until 5pm in the evening
without drawing water from it. The initial temperature in the morning is re-
corded as Tin and the final temperature in the evening is measured as Tout.
Corresponding irradiation levels are measured to determine the efficiency of the
system. Table 4 shows the daily irradiation, the daily heat gain, the average at-
mospheric temperature (Ta) and daily thermal efficiency of the system for four
different days. Figure 6 shows the daily performance of the system.

The amount of daily incident irradiation has a great influence on the final
temperature of the system. Heat gained by the water in the tank is relatively high
for higher solar irradiations. Therefore, placing the solar water heater at a point
of maximum solar irradiation incidence is beneficial for optimum heat gain.
However, the thermal efficiency of system is not proportional to the daily solar

irradiation received. The efficiency of water in glass evacuated tube solar water

Efficiency
¥ Irradiation

Efficiency, n
o
(e}
T
A

L L L I I

0.5
25 Jan 26 Jan 27 Jan 28 Jan 29 Jan 2 Feb 3 Feb
Days

Figure 6. Performance of water in glass evacuated tube solar water heater.

Table 4. Performance of water in glass evacuated tube solar water heater.

Day G MJ/m*) QM) T.CC) Tu(C) T (°O) 0y
26 January 2021 20.12 37.62 27.4 28 64 0.623
28t January 2021 21.00 42.85 28.6 27 68 0.622
29t January 2021 20.41 41.80 28.7 29 69 0.624
2nd February 2021 20.24 37.60 29.0 28 64 0.620
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heater was found to be around 0.58 - 0.65 under the climatic conditions of

Kenya.

5. Conclusions

Experimental investigation of the performance of water in glass evacuated tube
solar water heater was conducted under the climatic conditions in Kenya. Daily
measurements were taken throughout the day to determine the output tempera-
ture, heat gain and the daily efficiency of the system.

Results show a minimum heat transfer between the solar water heater and the
ambient during the night. Reduction in the outlet temperature in the morning is
significantly influenced by the mixing of the hot water above the tube opening
and the cold water below during the night.

The final temperatures at the outlet of the solar water heater were above 55°C
given an initial temperature of 25°C for a whole day heat collection with a daily

system efficiency range of 0.58 - 0.65.
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