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Abstract This communication presents the thermal per-
formance evaluation of a direct flow evacuated tube col-
lector-based solar water heater using energy, exergy
analyses and some other thermodynamic parameters such
as fuel depletion ratio, productivity lack, relative irre-
versibility and exergetic factor. The present solar water
heating system was fabricated using total nine numbers of
evacuated tubes having U-shape copper tubes being in-
serted inside the glass tube for flowing water through it.
This arrangement was made for controlled flow rate of
water having better heat and mass transfer mechanism. The
experiments were carried out for different volume flow
rates of water such as 10, 15, 20, 25 and 30 litres per hour
(LPH) being supplied from the overhead tank directly. The
performance of the present system is found to be the
maximum for 15 LPH, while it is found to be the minimum
for 30 LPH of volume flow of water among different
volume flow rates analysed and presented in this study. It
has also been found that the present water heating system
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performs better than those of other ETC water heating
systems investigated by earlier. Also, the energy efficiency
was found to be higher than that of the exergy efficiency
for all the flow rates which is due to the fact that energy
represents the quantity of energy, while exergy represents
the quality of energy and also includes the irreversibilities
associated with this system.
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List of symbols

A Area of evacuated tube collector (m?)
Cp Specific heat (kJ kg~ '-K)

Ex  Exergy

; Exergy rate of fuel

F
h  Specific enthalpy (kJ kg™

H  Enthalpy (kJ)

1 Intensity of solar radiation (W m?)
I Rate of irreversibility (kW)

m

P

Volume flow rate of water (L H™ )
Exergy rate of the product (kW)

Qc Energy (W)

s Entropy (kJ kg~ '-K)

AT Temperature difference (K)
T Temperature (K)

Indices
a  Ambient
¢ Collector

f  Fluid
1 Successive number of elements
O  Output
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in Input
T Total
S  Sun

Greek letters

o Absorptance of inner surface of evacuated tube
collector

Transmittance of the collector tube

Energy efficiency

Exergy efficiency

Fuel depletion ratio

Relative irreversibility

Productivity lack

Exergetic factor

R e A

Introduction

Due to energy crisis worldwide and abundance of renew-
able energy sources particularly solar energy in the envi-
ronment, it has become a major energy alternative. Use of
solar energy depends upon type of application, and one of
the most common applications of solar energy at low
temperatures is heating of water for useful purposes. There
are several types of solar water heating system; however,
water heating systems based on the flat plate collectors
(FPCs), evacuated tube collectors (ETCs) and compound
parabolic collectors (CPCs) are very popular while flat
plate and evacuated tube are mostly used collectors for
residential and other water heating applications. Due to the
usefulness and economic viability, many authors studied
the advancement in these collectors [1-8]. The effect of
single and double glazing and the selective absorbing
surface of vacuum tubes was studied by Mason and
Davidson [9]. Insulation is necessary to reduce the heat
losses from the absorber so that the transparent insulating
material was suggested by Goetzberger and Schmidt [10]
over the absorber surface.

During the recent decades, the concept of exergy has
been applied to various energy conversion systems by
number of researchers [11-29]. Exergy can be defined as
the maximum amount of useful work that can be obtained
from the system, which is at a constant pressure and a
temperature. Exergy is the measure of available energy, i.e.
it tells about the quality of energy and based on the second
law of thermodynamics, while energy is the quantity of
energy and is first law practice. The concept of exergy,
available energy, exergy consumption, irreversibility,
exergy destruction is essentially the same. The maximum
efficiency of heat withdrawal from a reservoir that can
be converted into work is known as the Carnot efficiency
[11, 12]. By using exergy analysis, losses associated with
different components of the system can be identified, and
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therefore, a suitable design of the system can be given
which will be ultimately useful for many engineers and
scientists. Therefore, an exergy analysis has been found to
be most promising tool in the design, simulation and per-
formance evaluation of energy systems. It can also be said
that the exergy analysis explores the possibilities of ther-
modynamic improvement of the system under consid-
eration; however, the complete evaluation of the system is
incomplete without economic analysis [15, 16].

Xiaowu and Ben [17] evaluated the domestic-scale solar
water heater based on exergy analysis. They found that the
exergetic efficiency of a domestic-scale water heater is
small due to low quality of output energy, and also the
maximum exergy losses were found to be in the storage
barrel/tank. Gunerhan and Hepbasli [18] worked on the
performance evaluation of solar water heating system
based on exergy analysis. Their main objective was basi-
cally to analyse the different components of the system
such as heat exchanger storage tank, circulating pump and
flat plate solar collector. They also investigated the effect
of variation of water inlet temperature on the exergy effi-
ciency of individual components as well as the overall
system. The values of exergy efficiency were found to be
varying between 16 and 51.72 % for the heat exchanger,
10-16.67 % for the circulating pump and 2.02 and 3.37 %
for the solar collector, while it was found to be in the range
of 3.27-4.39 % for the overall system.

Gang et al. [19] worked on the performance analysis of
solar water heater with compound parabolic concentrator
for the higher temperature applications. They also found
that when the water temperature increased from 26.9 to 55,
65, 75, 85 and 95 °C, the thermal efficiency was found to
be in the decreasing in trend. Also, the lower thermal ef-
ficiency was found to be 49 % at 95 °C, while the exergetic
efficiency was found to be increasing in nature. In other
words, the highest exergetic efficiency was found to be at
55 °C, while it was found to be lowest at 40 °C. Ceylan
[20] developed a parabolic trough collector (TCPTC) with
temperature controlled mechanism and studied it based on
the energetic and exergetic analyses. The experiments have
been carried out at a temperature range of 40—100 °C at an
interval of 10 °C. The performance of the system was
found to be best at 70 °C with exergy efficiency of 63 %.
Ayompe et al. [21] presented the performance evaluation of
solar water heating systems with different types of col-
lector’s, viz. flat plate and heat pipe ETC in temperate
climate of Dublin, Ireland. The average collector efficien-
cies were found to be 46.1 and 60.7 %, respectively.
However, the overall system efficiencies were found to be
37.9 and 50.3 % for the flat plate and ETCs, respectively.

In the present study, the performance evaluation of the
designed and fabricated direct flow ETC-based water
heating system was carried out. This study differs from the
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earlier ones not only in terms of the innovation in the design
of the solar water heating system but also in terms of its
analysis. The ETC-based water heating system has been
designed by inserting the copper tubes inside the ETC tube in
order to enhance the heat transfer of the flowing fluid inside
the collector. Also, the designed and fabricated solar water
heater has been analysed using energy, exergy efficiency and
different thermodynamic parameters such as fuel depletion
ratio, productivity lack, relative irreversibility and exergetic
factor at different volume flow rates at different volume flow
rates such as 10, 15,20 25 and 30 litres per hour (LPH). It was
found that the present system shows better performance at
15 LPH flow rate and also shows the better efficiency than
those of other ETC-based water heating system investigated
by earlier authors [18, 20].

Experimental set-up and procedure

This study shows the experimental evaluation of ETC-
based (length of 179.5 cm, inner diameter 44 mm and
outer diameter 57.5 m) solar water heater system using
energy and exergy analysis. Total of nine ETC tubes were
arranged in series as shown in Fig. la, and the schematic
diagram of the system is shown in Fig. 1b. On the other
hand, the photographic view of the entire system is shown
in Fig. lc. In this system, copper tubes of suitable diameter
have been inserted inside the evacuated tubes in U shape
for continuous circulation of water in the entire arrange-
ment. In order to enhance the performance of this system, a
black absorbing coating is used on the outer surface of the
inner tube enabling the absorption of the maximum pos-
sible solar radiation falling on the collector. As clear by
name, there is a vacuum between the annular spaces of
double-walled glass tubes so as to reduce the heat loss
through different modes of heat transfer, viz. conduction
and convection. Again, in order to reduce the heat loss
from the exposed copper tubes to the ambient, the glass
wool is used for insulation purposes. Also, the calibrated
J-type of thermocouples having copper—constantan with
temperature range of —200-1350 °C was used to measure
the temperatures at different state points.

The arrangements for the inserted copper tubes inside
the ETC tubes have been made in such a way that the outlet
temperature of water for the first tube is the inlet of the
second tube and so on. Also, to measure the flow rate of
water, a rotameter with capacity up to 200 LPM is used
and has been placed at the entrance of the first tube as can
be seen from Fig. la—c. In this system, water from the
overhead tank placed at the top of the nearby building was
taken directly and the desired volume flow rate of the

circulating fluid was set before it enters the collector. The
solar radiation was measured by Suryamapi which was kept
on the horizontal surface beside the experimental set-up.
The data were measured, recorded using digital tem-
perature displayer installed with the system as shown in
Fig. 1c and were used for the analysis.

Analysis

Data for different parameters such as temperatures at inlet
and outlet of the ETC volume flow rate of water and solar
radiation were collected manually for different months at a
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Fig. 1 a Experimental set-up of the water heating system. b Schemat-
ic of glass tube (ETC) with copper tube inserted inside. ¢ Photographic
view of the complete arrangement. (i) ETC-based solar water heater.
(i) Hot water storage tank
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typical of climatic condition of North India and energy, and
exergy efficiencies have been calculated as given below:

Energy analysis

Based on the recorded data as mentioned above, the energy
analysis has been made and the corresponding energy ef-
ficiency has also been calculated. Incident energy on the
collector is given by [11-14, 29]:

Qc :Als (1)

where Q. (W) is the incident energy on the collector, A
(mz) is the collector area, and I, (W m_z) is the incident
solar radiation. The useful energy obtained can be written
as [21-23, 29]:

O, = otlA (2)

where « is the absorptance of collector and 7 is the trans-
mittance of the collector. The useful energy absorbed by
water inside the collector can be calculated by the fol-
lowing equation [21-23]:

Qr = mCpeAT (3)

where Qf (W) is the energy absorbed by water, Cps
(kJ kg '-K) is the specific heat of water, AT (K) is the
temperature difference between inlet and outlet tem-
perature of water, and iz (kg s~ ') is the mass flow rate of
water. Therefore, the energy efficiency of the water heating
system can be given as below [21-23]:

W:Qf/Qc:TIS (4)

where 7 is the energy efficiency of the system.
Exergy analysis

The exergy analysis has been performed based on the
configuration of solar water heater. The amount of exergy
received by the collector can be given as [11-29]:

Exc = Qc(1 - (Ta/TS) (5)

where T, is ambient temperature and 7 is the temperature of the
source, while the exergy received by fluid is written as [11-29]:

EXf = I’i’l(Eo — Ein) = m[(ho — hin) — Ta(SO — Sin)] (6)
where sg is output entropy, s;, is input entropy, hg is output
specific enthalpy, h;, is input specific enthalpy, and m is
volume flow rate of water circulating through the ETC

tubes. The enthalpy difference of moving fluid flowing
through the tubes (water) is given by

ho — /’li = Cpf(To — Ti ) (7)

and
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T,
so — 8 = CpgIn (T_> (8)

mn

However, the exergy received by fluid can also be given
by
. T,
EXf = mef(To - T1 )<1 - —) (9)
T
The exergy efficiency of the system can be written as
[11-29]:

1 (ho

b = Ex/Ec = "o~ Ttn) = Tolso = sin)]

Ou(l — To/Ts)

Using Eq. 9, the exergy efficiency can also be given as
below [11-29]:

iCpy(To — T) (1- %)
Q1 = To/Ts)

(10)

(11)

Thermodynamic parameters

The thermodynamics analysis of solar water heating sys-
tems may also be performed using the following set of
parameters as given below [18, 23]:

Fuel depletion ratio:

. I;
5i = —

i (12)

where [ is the rate irreversibility and F T is the total exergy
rate of fuel.
Relative irreversibility:
I
i ==
It
where fT is the total rate of irreversibility.
Productivity lack:

(14)
where PT is the total exergy rate of the product.
Exergetic factor:
Fr

where F; is the exergy rate of fuel.

Results and discussion

Present experimental study is an attempt to investigate the
performance evaluation of direct flow ETC-based solar
water heater using energy, exergy analyses and some other
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thermodynamic parameters as mentioned above. In con-
ventional ETC-based solar water heating systems, the
storage tank is at the top of the collectors and hot and cold
water remains in the same tank. Hot water always remains
at the top of the storage tank and cold water at the bottom
level this is because of the density difference between hot
and cold water. Solar water heaters based on ETC used in
the present study is different from conventional ETC-based
solar water heating system. In this system, water at the inlet
is taken from the storage tank which is already situated at
the roof of the building and hot water at the outlet is stored
in properly insulated water tank so that to avoid heat losses.

The experiments were performed for typical climatic
conditions at Katra (J&K), India. The experiments have
been carried out in the winter season, i.e. in the month of
January and February at different volume flow rates, viz.
10, 15, 20, 25 and 30 LPH. Data have been collected
manually for a clear sky day of the months January and
February. The measured data include solar radiation and
temperatures at different state of points (inlet, outlet and
ambient). Based on the collected data, calculations for
energetic, exergetic efficiencies and other thermodynamic
parameters as mentioned above have been analysed. Based
on the collected data using above-mentioned set of
Egs. (1-15), calculations were made and graphs were
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Fig. 2 Time versus solar radiation and efficiencies for 10 LPH
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Fig. 3 Time versus solar radiation and efficiencies for 15 LPH

plotted among different performance parameters as can be
seen from Figs. 2-9. The variation in different parameters
such as solar radiation, energy and exergy efficiencies are
shown in Table 1, while the variation in other parameters
such as fuel depletion ratio, productivity lack, relative ir-
reversibility and exergetic factor with respect to time at
different volume flow rates as mentioned above is shown in
Table 2. The results obtained from the study are discussed
as below:

Figure 2 illustrates the variation in solar radiation and
energy and exergy efficiencies with respect to time for
10 LPH volume flow rate. From the figure, it can be seen
that experiment starts at 11:30 a.m. when irradiation is quite
good of about 500 W m~2. From the figure, it is also ob-
served that solar radiation first increases with time then
remains almost constant for some time then again decreases
which is an obvious case in practice. It also seen that ini-
tially both the efficiencies are low which is due to the fact
that initially solar radiation is also low and also temperature
difference is less initially because it takes some time to
warm the water. Input energy is low initially and the cor-
responding outlet temperature is also low; therefore, the
temperature difference (A7) is low, and hence, the corre-
sponding energy and exergy output is also low. As solar
radiation increases, both the efficiencies, i.e. energetic and
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Fig. 4 Time versus solar radiation and efficiencies for 20 LPH
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exergetic, increases with time, while solar radiation starts
decreasing after some point of time but both the efficiencies
are still increasing in nature. These efficiencies attain peak
at a particular point of time then decrease slowly afterwards.
This variation in efficiencies with solar radiation can be
explained in terms of increased outlet temperature due to
copper tube inserted inside ETC tubes due to which tem-
perature at the outlet does not drop suddenly.

The variation of solar radiation and efficiencies against
time for 15 LPH volume flow rate has been shown in
Fig. 3. It is seen that initially the irradiance level is
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Fig. 9 Comparative variation in efficiencies at different volume flow
rates

approximately 660 W m~2 which increases slowly and
remains in a better level of irradiance for a long period of
time and then decreases suddenly. As explained above, in
this case also, both the efficiencies increase as solar ra-
diation increases but drop suddenly as the corresponding
solar radiation drops which is unlike the case of 10 LPH
volume flow rate. At 10 LPH, after some time solar ra-
diation decreases, but in this case, as the solar radiation
decreases both the efficiencies suddenly decreases.

Figure 4 shows the variation in energy and exergy ef-
ficiencies and solar radiation with time at 20 LPH volume

Table 1 Energetic and exergetic efficiencies at 15 LPH volume flow rate for a typical set of parameters

Time/h Intensity/W m™> Qi/W Q./W Ex;/W Ex/W nl% VINZ

11:30 660 1841.40 1027.11 943.69 87.95 55.78 9.32
00:00 650 1813.50 995.90 929.05 81.98 54.92 8.82
00:30 670 1869.30 1229.81 957.99 125.57 65.79 13.11
13:00 740 2064.60 1333.04 1057.68 142.40 64.57 13.46
13:30 700 1953.00 1469.56 1000.70 176.69 75.25 17.66
14:00 715 1994.85 1543.03 1022.14 201.26 77.35 19.69
14:30 700 1953.00 1786.51 1000.70 263.92 91.48 26.37
15:00 460 1283.40 824.04 657.60 51.50 64.21 7.83
15:30 280 781.20 324.15 400.50 7.46 41.49 1.86
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Table 2 Variation of thermodynamic parameters with time

30 LPM

25 LPM

20 LPM

15 LPM

10 LPM

Time/h

2% % 1% 8% 7% &% 1% 8% 7% &% 1% 8% % % fi% 8% g% % fl%

0/%

4978.7 94.38

94.35

9541 98.03
98.23
97.85

3898

96.08 90.28 2453.19 90.41 975 94.94

89.03
87.65

973.01
1033.3

93.02
92.07

41337 79.21  90.68
90.48

82.81

97.64
93.58

11:30
12:00
12:30
13:00
13:30
14:00
14:30

97.14

5536.5
4552
93.92 4058.1

97.3
96.55

3165.6  99.75

90.39 96.94 98.69
59.38

1457.95
1053.09

87.91

93.58
91.33

92.87

91.18

97.23

1457.7

97.42
93.67
89.84
79.86

99.22
94.36

99.01

37529 98.27

97.69
95.14

97.4

662.94  90.38 56.36

86.89

898.02 97.23

703.23

89.98

97.6

32319 96.1

1301.92 66.19 97

1864.33

63.88

642.74  99.78
466.35

86.54 99.49
82.34

80.31

95.84
87.49
80.56

87.55

97.1

3904.5

97.5

3106.6  92.48

2395

91.45

9491 71.86 72.85 96.88

94.41

89.57

577.78

85.25

92.94
80.41

4580.5

97.86 92.75

80.95

9599 79.31

95.08

67.66 2759.76  67.47

5049 2397.35

96.5
96

407.86 96.43

89.23

449.26

81.79 70.55

4566.5

80.25

69.36  97.86

1932.3

67.31

50.61

279.17 94.41

455.04 68.06 73.63 80.08

59.74

81.98

flow rate. From the figure, it is observed that for this par-
ticular day, solar radiation is very much fluctuating in na-
ture. A mixed response in the variation of efficiencies with
solar radiation has been found in this case. Sometimes as
the solar radiation drops due to clouds, the corresponding
efficiencies also decrease suddenly. However, sometimes
solar radiation is high and the corresponding efficiencies
are low. This mixed response in the variation of efficien-
cies is due to fluctuation in solar radiation which is inter-
mittent in nature. Variation in solar radiation and
efficiencies with time at 25 LPH and 30 LPH has been
shown in Figs. 5 and 6, respectively. Same nature of var-
iation in efficiencies with solar radiation has been found as
that of 10 LPH volume flow rate.

The inlet and outlet temperatures against time for dif-
ferent volume flow rates (i.e. 10, 15, 20, 25, 30 LPH) has
been manually recorded as given in experimental set-up
and procedure section, and the performance has been il-
lustrated in Figs. 7 and 8. General trend of variation in
outlet temperature as obtained from Fig. 8 shows that the
outlet temperature is the increasing function of time
reaching its peak about mid of the day for different volume
flow rates, viz. 10, 15, 20, 25 and 30 LPH and then de-
creases gradually in the evening time. The similar trend has
been found for solar radiation but with some fluctuations
throughout the daytime which is due to the intermittent
nature of solar radiation as can be seen in Figs. 2-6.
Therefore, it is found that outlet temperature is directly
proportional to incident solar radiation. Optimum
outlet temperature has been found for 15 LPH which is
79 °C.

Comparative variation in energetic and exergetic effi-
ciencies at different flow rates is shown in Fig. 9. From the
figure, it has been found that both the efficiencies for
15 LPH volume flow rate is highest among all the flow
rates at which the present ETC-based SWH has been ex-
perimented and analysed. The average energetic and ex-
ergetic efficiencies at 15 LPH flow rate are 66.57 and
13.38 %, respectively. As can be seen from the figure, as
the volume flow rate increases 15 LPH onwards both the
efficiencies decreases. Both the efficiencies for 10 LPH
flow rate are second best for the system and average en-
ergy, and exergy efficiency has been found to be 62.17 and
11.14 %, respectively. Energy and exergy efficiencies for
30 LPH flow rate have been found to be 30.36 and 2.22 %,
respectively. Energy and exergy efficiencies for 20 LPH
were 45.45 and 5.24 % and for 25 LPH flow rate were
35.49 and 3.30 %, respectively. Therefore, performance of
direct flow ETC-based solar water heater with nine tubes
has been found to be best at 15 LPH flow rate, i.e. 15 LPH
is the optimum flow rate for nine tube ETC-based solar
water heating system. This is due to the fact that at this
flow rate output energy/exergy is better comparative to
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other flow rates presented in this study; therefore, losses are
low and ultimately SWH works better at 15 LPH volume
flow rate. Also performance of this SWH has been found to
be better than that of other SWHs investigated by earlier
authors [14, 16]. This better performance of the present
system is due to the fact as explained above. Energy effi-
ciency has been found to be always higher than those of
exergy efficiency. This is due to the fact that energy effi-
ciency is based on first law of thermodynamics and does
not consider losses associated with the system. However,
exergy efficiency is based on second law of thermody-
namics and considers the losses/irreversibilities associated
with the system. Therefore, exergy represents quality of
energy rather than quantity.

Conclusions

In the present study, direct flow ETC-based SWH with
copper tubes inserted inside ETC has been designed and
fabricated. The thermal performance of designed solar
water heating system has been analysed experimentally
using the concept of energy and exergy. From the study, it
has also been found that after some point of time, solar
radiation starts decreasing which is an obvious nature of
solar radiation; ideal case is that as solar radiation de-
creases, the corresponding energy and exergy efficiency
should also decrease as there is no thermal energy storage
in the system. But with copper tubes inserted inside the
ETC tubes increases the efficiencies for some time which
ultimately enhances the overall performance of the system.
The optimum outlet temperature for 15 LPH volume flow
rate was found to be around 79 °C, while the optimum flow
rate of the present solar water heating system for the same
flow rate was found to be better among the other flow rates
analysed and presented in this study. On the other hand, the
energetic and exergetic efficiencies at 15 LPH flow rate
were found to be 66.57 and 13.38 %, respectively. In the
present solar water heating system, hot water at the outlet is
directly collected to well-insulated storage tank and water
at the inlet is taken from the storage tank already available
at the roof of the building due to which no mixing of water
occurs; as a result, we got enhanced efficiency. Also, the
heat exchanger is made inside the hot water storage tank so
that water remains hot for a longer duration of time and can
be used in the night time when there is no availability of
solar radiation. Besides, the storage tank can be insulated
using a thick layer of phase change material to get hot
water for a prolonged time period. This solar water heating
system is very useful for domestic applications due to high
efficiency and this can also be applied to larger scale ap-
plications which may be useful for industrial and com-
mercial installations.
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