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Daily exergy analysis of passive solar still for maximum yield
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ABSTRACT

In the present study, the analysis of the daily exergy of passive solar still is presented. Basically,
there are mainly two approaches for the analysis of exergy of solar stills, namely (i) Carnot effi-
ciency and (ii) entropy concept. The daily exergy analysis has been carried out by using both these
approaches. It has been found that the daily exergy output based on entropy concept is more accept-
able due to the lower value of total known and unknown exergy destruction in comparison with the
Carnot method for a given design and climatic parameters. The instantaneous exergy efficiency is
also obtained which is found to be in accordance with the results reported by various other studies.

Keywords: Solar still; Exergy analysis; Carnot efficiency; Solar energy

1. Background

The need for potable water for the survival of human
beings is well known. There is an acute shortage of fresh
drinking water in the remote as well as rural areas of many
countries. At many places enough saline water is present
but it is not suitable for the drinking and domestic as we
as agricultural uses. Advanced desalination systems namely
vacuum distillation [1], multi-stage flash distillation [2,3],
reverse osmosis [4,5], electrodialysis membrane [6], etc
are based on fossil fuel-based grid electricity which is not
friendly with environment and climate. In this scenario,
the solar distillation method is one of the economical and
best ways to have potable water from brackish/hard/saline
water [7].

Broadly solar distillation system is classified as the
passive and active system and lots of research work have
been carried out in the area of passive and active solar
distillation [8]. Basically, most of the research work on
passive and active solar still has been carried out based
on energy conservation to evaluate hourly yield. It is also
well known that passive solar distillation operates at a low
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operating temperature range between 15°C-80°C depend-
ing upon climatic conditions [9]. Hence the performance
of solar distillation can be carried out based on either first
law of thermodynamics (energy conservation) [10,11] or the
second law of thermodynamics (exergy analysis). Exergy
[12-14] is elucidated as the maximum available work that
can be taken out from a system during a process that brings
the system into equilibrium with its corresponding envi-
ronment (i.e., ambient temperature) [14-16]. The specific
property of exergy that is in contrast to the energy is that
exergy can be destroyed during a process due to irrevers-
ibility within the given system during the process [17]. Such
an analysis helps to identify which components of the ther-
mal energy system are responsible for irreversibility. So the
exergy analysis for the passive solar still with all its com-
ponents/parts is an effective way to design economically
viable solar still [18]. Exergy analysis can be further applied
as a powerful thermodynamic technique for estimating and
optimizing the performance of energy systems [19].

Gude [14] has used the exergy tool to calculate the ther-
modynamic efficiency of various desalination processes
which are supported by different renewable energy sources.

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.



2 R.G. Singh, G.N. Tiwari / Desalination and Water Treatment 204 (2020) 1-9

He identified different processes that contributed to the
exergy destruction and also suggested suitable working
conditions to mitigate the exergy losses. Vaithilingam and
Esakkimuthu [20] have done an energy and exergy analy-
sis of single slope solar still experimentally and found that
irrespective of the water depth and in comparison to other
components, the highest exergy destruction is observed in
the basin liner of the solar still. Mohamed et al. [21] have
experimentally observed the role of stone particles placed in
solar still over the exergy efficiency. It has been observed that
the exergy efficiency of the solar till increases from 65% to
123% when the stone size is doubled from 1 to 2 cm. Recently,
Hedayati-Mehdiabadi et al. [22] have studied the exergy per-
formance of basin type double solar still equipped with the
phase changed materials and photovoltaic thermal collector
on a sample winter and summer days. It has been observed
that the exergy efficiency was 48% lower in winter condition
than the summer condition. The exergy analysis takes into
account the role of ambient temperature, which has a signifi-
cant effect on the performance of solar stills. It has been seen
that many authors have carried out exergy analysis of the
solar distillation system by using Carnot efficiency [23-29],
which is valid for higher operating temperatures under the
second law of thermodynamics as mentioned earlier.

However, the performance of the solar distillation
system should be analyzed from daily performance in terms
of daily exergy to minimize the daily destruction exergy
for maximum yield. There can be two types of destruc-
tion exergy, namely known exergy and unknown exergy.
Unknown exergy may be due to the presence of heat capac-
ity of condensing cover, absorber plate, internal heat energy
generated and quasi-steady-state conditions. It is very
difficult to control this unknown exergy, but known exergy
can be minimized to have maximum daily exergy output.

Since solar radiation is generated from the sun which is a
very high temperature, say about 6,000 K and hence there is
not much change in the exergy of solar radiation, therefore,
one may consider solar radiation as exergy. However, exergy
factor (y) for solar radiation coming from the sun has also
been derived by Neri et al. [30] which is given as:

aT, T
= 1-—t—— 1
v ( 3T 3TS4J @)

One can see from the above equation that the numeri-
cal value for vy is near to the value 0.94 for any ambient air
temperature (T) due to the very large value of denominator
term (T)). Even this value will be very close to the value of
Carnot efficiency [31]:

T +273
=|1--« 2
1 ( 6,000} @

Hence there is no dispute to calculate v, either hourly or
daily for calculation of the exergy of solar radiation.

Exergy analysis of the solar thermal system, some
scientists/researchers have used the concept of Carnot
method [31-33] which is valid for higher operating tempera-
ture and others have used entropy method [34-36] which
is an application to low operating temperature range and

hence papers have been published by using both methods.
Hence, in this communication, an attempt has been made
to develop an expression for the daily exergy for passive
solar still which can be applied for the operating tempera-
ture of passive solar distillation based on entropy concept
(Appendix) to determine unknown destruction which has
not been considered earlier.

2. Thermal modeling

For single slope solar still [9], the energy balance of
glass cover, water mass, and basin liner can be written as
follows.

For glass cover [7]:

a (t)+h (T, ~T,)=h,(T,~T,) 3)

w g a

For the water [7]:

dT
a I(t)+h (T, -T,)=m,C, —h, (1.-T,) (4)
For basin [7]:
o (t)=h,(T,-T,)+h,(T,-T,) (5)

Egs. (3)-(5) will be used to analyze the performance of
solar still in terms of water and condensing cover tempera-
ture based on the first law of thermodynamics. Numerical
computations have been carried out for hourly variation
of I(t) and T as shown in Fig. 1, the design parameters of
Table 1.

With the help of Egs. (3) and (5), Eq. (4) can be
rearranged as:

( +H 0, )1(1) = m,C, e+ U, (T, - T, )+

where H=h./(h,+ 1), U, =hjh/(h,+h), andh, =h_+h_+h_.

Eq. (6) will be used to analyze the solar still system in
terms of exergy. In Eq. (6) the term in the left-hand side (LHS)
corresponds to the total energy to the single-slope solar still.
On the right-hand side (RHS) the first term corresponds to
the energy stored in the water, the second term shows the
energy loss from the bottom and the last term corresponds to
the energy losses by different heat transfer processes, that is,
radiation, convection, and evaporation.

2.1. Thermal analysis
By rearranging the terms in Eq. (3) an expression for glass

cover temperature may be calculated as [32]:

o I(t)+hT, +hT
T = g() 17w 2%a (7)
§ h +h,

Also, by using Eqgs. (3)-(5) and (7), the differential
equation for the water temperature may be derived as [9]:
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Fig. 1. Variation of solar intensity I(f) and ambient temperature
with time.

Table 1
Design parameters for the solar still

Terms Values
h, 100 W/m?2 °C
h, 1 W/m?°C
a, 0.50
a, 0.050
m, 30-100 kg
df 0.1m
dT
—2 +aT =f(t 8
—eaT, = f(1) @®)

where a = U/m C, U = U + U, U = hh/(h, + h),
f(t) = (D‘eff[(t) + ULT;)/meu/ and aeff = aw + Ho‘b'
The solution of Eq. (8) gives the expression for water

temperature as [32]:

T :[“eﬁ(t) +TJ(1—e“’)+Twe“’ ©)

w a
L

2.2. Thermal energy

The rate of thermal energy associated with internal heat
transfer processes (radiative, convective, and evaporative)
are can be evaluated from Egs. (7) and (9) as follows:

Q. =h,(T,-T,) (9a)
Q. =h,(T,-T,) (9b)
Quy =, (T,-T,) (9)

An instantaneous thermal efficiency can be defined as
follows:

(10)

2.3. Exergy analysis

The exergy of solar radiation can be computed by using
Eq. (1). Further, the exergy of other terms involved in Eq. (6)
can be obtained by using two methods as follows:

2.3.1. Using Carnot efficiency (method 1)

In this case, one can use the following expressions:
¢ For thermal losses from water to glass cover:

1 Tg +273 11
Vs o ()
e For thermal losses from water to ambient:

_,_TL+2m3 12)

V2= o3

¢ TFor final water temperature (T ) to initial water tem-
perature (T )):

T . +273
=]-— - 13
Vs T, +273 13)

where in all the above conversion factors numerator has a
lower value than denominators. Further in solar distilla-
tion, the variation in operating temperature range is below
20°C-30°C and hence there is not much variation in the
numerical value of y’s. It is also important to note that the
numerical value of y’s will be very small and hence exergy of
all term will be very small in numerical values. Most authors
have analyzed the solar distillation system by using Eq. (1)
for exergy analysis [14-16].

2.3.2. Using the entropy concept (method 2)

In this case, the derivation of exergy expression has been
given in the Appendix. For exergy calculation for each term
in Eq. (6) the following factors have been used:

* From thermal losses from water to glass cover:

|, (T,+273), T, +273
V= 1 (r,-1) i T, +273 14

¢  From thermal losses from water to ambient:

(T, +273) T,+273
(T,-T,) T ,+273

v, =|1- (15)

¢ From the final water temperature (T, ,) to initial water
temperature (T ,):
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(T,+273) T, +273
In—*
(T,-T,) T,+273

Yy = (1= (16)

For daily analysis of exergy, with help of the above equa-
tions, Eq. (6) can be used to write hourly exergy balance as
follows:

(ocw+H20cb)I( )\u mew d

(B + 1oy + 1, )(T, =T, ),

+ub(T;v _'Ta)\IIZ +
17)

Daily exergy balance can be obtained by summing both
sides for the 24 h cycle as follows:

(e Hian )1 )y =2k, (T, -

h 2 dT,
mwcwzd—tzws + ZUb(Tw -T)w,+
i=1 i=1
24

2 + 1 T, =T) v, (18)
i=1
21 4T T -T
Here Z o :M The numerical values of T,
~ dt 3,600

and T, will be approximately the same for lower water depth
and have no storage effect. However, for larger water depth,
T, will be greater than T, due to the heat capacity of water
(storage effect) and hence the destruction exergy will be
always there only for larger water depth. No one has consid-
ered this effect of heat capacity to observe the exergy destruc-
tion in their previous studies to the best of our knowledge.

The daily exergy for single slope solar still can be
evaluated from the following expression:

Zhew (T, -T,)w, =

24

2 (e, + Hyo ) (t)w

i=1

T, -T
mwcw% +;u (T, -, )w,*
24
0 oh. )7, 7 v, -

Eq. (18) can be rewritten in terms of input exergy (Ex, ),
out exergy (Ex_,), known as exergy destruction (Ex,,) and
unknown exergy destruction (Ex, ,) which has not been con-
sidered earlier, as follows:

Exin - Exout = Exdcs (20)

where Ex, _=Ex,, +Ex
es dk

duk”

24

Exin=2(a +H,a )I( )\y, Ex,,

i=1

24
zhcwZ (Tw, - Tg ) v
i=1

_ (wa - T )
Exd,k - mew W + lzllu (T ’1—;, ) v, +

24

Ex, +Ex, 6 +Ex

Xd,uk = d—s d-b d—u

T -T
where Ex, . =m C M\nyx
: v 3,600

iub (Tw, - Tgf ) v
i=1

24

Ex, = Z(hm i (T =T, )y =B + X

i=1

Eq. (20) is a complete exergy balance equation used in
the first method where the values of converging factors
P, ¥, and 1, can be obtained from Egs. (11)-(13). Whereas
the exergy balance equation for the second method can
be obtained by replacing these y’s expressions with
Eqgs. (14)—(16) respectively and schematically has been
shown in Fig. 2.

In Fig. 2, the input and output exergy terms are clearly
depicted along with the exergy destruction terms for the
basin water of single slope solar still. The exergy destruc-
tion namely stored radiation and convection, Fig. 2, is
referred to as the known exergy destruction. The unknown
exergy destruction is not possible to depict in a diagram but
calculated and given in Tables 2a and 2b.

Further, instantaneous exergy efficiency can also be
written as follow:

Ex_, Ex
out _ 1 _ Z2des
Ex. Ex @

in in

n;, =

3. Results and discussion

Egs. (7) and (9) have been used to evaluate the hourly
variation of water (T) and glass cover temperature (T ),
y1e1d (m,), various internal heat transfer coefficients
(h., h,, h.) and instantaneous thermal efficiency (1)) for
a given design parameter (Table 1), the thermophysical

Ex, Basin
Water

out

Ex,,

Fig. 2. Daily exergy flow diagram of the solar distillation process
referring to Eq. (20).
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Table 2a

Daily exergy components for solar still at different water depths by the first method

Water Ex, Ex_ Known exergy destruction (Ex d'k) Unknown exergy Total exergy
depth kWh kWh destruction (Ex destruction
p ( ) ( ) Exstore Exdfh Exd—rad Exdfcon Exd—total kWh ( d,uk) kWh
(m) (KWh)  (kWh)  (kWh)  (kWh)  (kwh)  &Wh (kWh)
0.03 3,408 19.57 0.42 110.08 7.51 1.95 119.96 3,268.46 3,388.42
0.06 3,408 15.14 25.33 74.89 7.79 2.02 125.17 3,267.69 3,392.86
0.10 3,408 9.92 43.97 47.68 6.42 1.64 109.62 3,288.46 3,398.08
Table 2b
Daily exergy components for solar still at different water depths by the second method
Water Ex, Ex_, Known exergy destruction (Ex, ) Unknown exergy Total exergy
depth kWh kWh destruction (Ex destruction
p ( ) ( ) Ex,, Ex,, EX, EX, o | > . KWh ( d’uk) KWh
(m) (kWh)  (kWh)  (kWh)  (Wh)  wh)  &Wh) (kWh)
0.03 3,408 126.82 0.670 56.85 39.82 10.38 107.72 3,173.46 3,281.18
0.06 3,408 68.85 14.18 38.31 32.67 8.47 162.48 3,176.67 3,339.15
0.10 3,408 36.53 23.36 24.27 22.93 5.87 112.96 3,258.51 3,371.47

parameter of vapor (Table 3) and climatic parameters
(Fig. 1). The hourly results have been given in Table 4. By
using the data of Table 4, it has been observed that the
daily numerical value of the LHS term of Eq. (6) is 3,602.13
and that of RHS term is 3,588.47. These results show that
there is a deviation of 0.37% which validates the results of
energy conservation. This table also shows that the instan-
taneous thermal efficiency increases with time as expected
[33]. Further, it is to be noted that the variation of tempera-
tures of water and glass varies in accordance with solar
radiation with a shift in the maximum value of about 3 h
due to storage effect in the water of the basin.

Now, we have used Eqs. (11-13) for the first method
(Carnot method) and Egs. (14)—(16). for the second method
(entropy method), to evaluate hourly exergy output (yield)
and total destruction for an obtained data of Table 4 and the
results are shown in Figs. 3a and b, respectively for a water
depth of 0.1 m. It is seen that the trends of hourly exergy
output in both cases are the same as that of water and glass
cover temperatures. However, the trend of exergy destruc-
tion is the same as the trends of solar radiation. Further, the

Table 3
Thermophysical properties of water vapor

hourly exergy by the second method (entropy method) is
higher due to minimum destruction as expected (Fig. 3b).
Hence we recommend analyzing the exergy analysis of any
solar distillation system by using the entropy method only
due to its low operating temperature range (much below
100°C), unlike the Carnot method which is valid only for
higher operating temperature range (300°C-400°C).

Further, one can see from Fig. 3a that the maximum
value of the hourly output exergy for passive single
slope solar still is nearly four times higher in the case of
method 2 (entropy method) in comparison to method 1
(Carnot method). Again, the maximum hourly total
destruction for method 2 (entropy method), Fig. 3b is
nearly two times higher than the value evaluated by using
method 1 (Carnot method). Here, it is important to mention
that hourly exergy input is the same in both methods.

Fig. 4 shows hourly instantaneous exergy efficiency
by both methods. It indicates that the variation in hourly
exergy obtained by the entropy method is significant due
to low operating temperature, unlike the Carnot method.
This further justified the accuracy of the second method

Latent heat of vaporization of water (L)
Specific heat (Cp)

Stefan-Boltzmann constant (o)
Thermal conductivity (K)

Viscosity (u)

® NN U A WN R W»

No. Physical quantity Expression
Density (p) 1.299995 — 6.043625 x 10T + 4.697926 x 10~>-T* - 5.760867 x 107-T*
Emissivity (€) 0.82
Expansion Factor ([3) 1/(T +273)

2.4935 x 10%-[1-(9.4779 x 10T + 1.3132 x 107 T> - 4.7974 x 10~°-T°)]
1.088022 - 0.010577-T +4.769110-T — 7.898561 x 10°-T° + 5.122303 x 10-°-T*
5.67 x 10 W/m?2 K*

0.024168 +5.526004 x 10T +4.631207 x 107-T* — 9.489325 x 10°-T°
1.685731 x 10° +9.151853 x 10-%-T — 2.162762 x 10~°-T* + 3.413922 x 10-""-T°
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Table 4
Hourly variations of various temperatures, heat transfer coefficients, yield and thermal efficiency

Time(h) () T,(C) T,(°Q) T,(CQ) h,  h, by  Qu  Qu Qi (k8) M ema
1 100 24.8 28.870 27358  1.181  3.188 5272 4.82 7.97 1.79 0.007 4.8
2 222 253 31.395  29.108  1.079  3.082 5330 7.05 1219 247 0.011 32
3 431 261 36.536  32.898 1247  3.962 5.443  14.41 19.80  4.54 0.023 33
4 616 274 43532 38617 1480 5843 5.683 2873 2793  7.28 0.045 4.7
5 756  28.8 51.362 45614 1682 8952 6.037 5146 3470  9.67 0.081 6.8
6 846 304 59.126 53212  1.845 13676 6468 80.87 3825 1091  0.127 9.6
7 877 319 65947 60357 1960 20.121 6936 11248 3877 1095  0.176 12.8
8 846  33.1 71090  66.022 2030 27.638 7380 139.99 3738 1028  0.219 16.5
9 756  33.8 73996  69.420 2058 34565 7.736 15820 3541  9.42 0.248 20.9
10 616 341 74402 70183  2.048 38758 7.949 16350 3353  8.64 0.256 26.5
11 431 338 72122 68110 2004 38752 7989 15547 3205 8.04 0.243 36.1
12 222 331 67.340 63426 1929 34384 7.841 13460 3070 7.56 0.211 60.6
13 100 321 61.736 57743  1.834 27245 7525 10879 30.05 7.32 0.170 -
14 0 30.9 55730 51750  1.763 20933 7160 8332 2850 7.2 0.130 -
15 0 29.6 50.747 46703  1.686 15633  6.785 6322 2744  6.82 0.099 -
16 0 28.6 46603 42672  1.642  12.285 6482 4828 2548  6.45 0.076 -
17 0 27.6 43109 39341 1589  9.930 6.242  37.41 2352 599 0.059 -
18 0 26.9 40177  36.662 1540  8.247 6.046 2898 2125 541 0.045 -
19 0 26.3 37.702 34462 1485  6.986 5.888 22.63  19.07  4.81 0.035 -
20 0 25.8 35.607 32652 1431  6.031 5758 17.82  17.01  4.23 0.028 -
21 0 254 33831 31163 1377  5.286 5651 1410 1507  3.67 0.022 -
22 0 25.0 32310  29.899 1323  4.693 5563 11.32 1341  3.19 0.018 -
23 0 247 31.012 28855 1273 4218 5.488  9.10 11.84 275 0.014 -
24 0 24.6 29928 28050 1221  3.821 5.426 7.18 1019 2.29 0.011 -
——Ex_ (I" Method)
(@ 304 Ex_(II" Method) (B) *
30
= FEx,,, (First Method)
E 25
= 2 2
5 <
= g 15
= fin]
10
5
° 0 5 10 15 20 25 30
Time (Hours) Time (Hours)

Fig. 3. (a) Hourly variation of output exergy of passive single slope solar still at 0.10 m water depth and (b) hourly variation of total
exergy destruction of single slope passive solar still at 0.10 m depth.

(entropy method) in evaluating the exergy analysis of solar ~ which is in accordance with the results reported by others
distillation in comparison with the first method (Carnot [9-11], but by the first method, this value is about 1% which
method) [27,34]. is unrealistic. Further, it can be seen that exergy efficiency

Here, it is important to observe that the maximum value is much lower than thermal efficiency (Table 3) as per our
of hourly exergy efficiency has been noted as about 8%  expectations.
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Second method

Instantaneous Exergy Effieciency

First method

- — -
- ——-——
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e ————
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Fig. 4. The hourly instantaneous exergy efficiency of passive
solar still.
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Fig. 5. Daily exergy in kWh for different water depths in passive
single slope solar still, by the second method [series 1 (0.03 m),
series 2 (0.06 m) and series 3 (0.10 m)].

Effect of water depth on daily exergy values for the pas-
sive single slope solar stills computed by first and second
methods respectively are given in Tables 2a and 2b respec-
tively. It can be seen that the exergy input is the same in
all conditions but the daily output exergy, known exergy
destruction and unknown exergy destruction are different at
different water depths. As per our conclusion, we have also
computed exergy at different component of passive single
slope solar still namely exergy output (evaporation), basin
liner, radiation, convection and stored and the results have
been summarized in Fig. 5.

From this figure and Table 4, one can conclude that
the exergy output decreases and stored exergy destruction
increase with an increase of water depth as expected. This
effect has not been considered by any other studies. The
unknown destruction for any water depth in the basin of
the single-slope solar still can be easily evaluated from the
proposed model which has also not been considered by any
earlier studies.

4, Conclusions

Based on the present studies, the following conclusions
have been drawn:

¢ Exergy analysis of passive solar single solar still should
be analyzed by the entropy method due to minimum
total exergy destruction, Fig. 3 due to its low operating
temperature range.

¢ Unknown exergy destruction is marginally lower in
the case of the second method (entropy method) as per
expectation. The known destruction decreases with the
decrease of water depth (Fig. 5) due to the storage effect
of water in the basin of solar still.

* There is a 71% decrease in exergy out for varying water
depth from 0.03 to 0.06 m which is in accordance with the
result reported by various authors [15,18].

* Exergy destruction decreases by the basin (57%), radi-
ation (42%) and convection (43%) with an increase in
water depth. However, the stored exergy destruction is
increased by as expected due to an increase in the ther-
mal capacity of water mass, Fig. 5.

¢ Exergy analysis of the solar distillation system should
be analyzed by using the second method based on the
entropy concept.

Symbols

C, — Specific heat capacity, J/kg K

Ex,, — Input exergy

EX_ — Output exergy

Ex, — Distruction exergy

Ex, — Distruction exergy stored

Ex,, — Known exergy destruction

EX, — Unknown exergy destruction

Ex, ,(Ex,,) — Distruction exergy to the downward direc-
tion, basin

Ex; .on — Distruction exergy to conduction

Ex, 4 — Distruction exergy to radiation

Ex, — Distruction exergy to the upward direction

G, — Grashof number

g — Gravitational acceleration, m/s?

h, — Total internal heat transfer coefficient,
W/m?°C

h, — Heat transfer coefficient from glass to
ambient, W/m? °C

h, — Heat transfer coefficient from basin to
water, W/m? °C

k., — Convective heat transfer coefficient from
the water surface to glass cover, W/m? °C

- — Evaporative heat transfer coefficient from

the water surface to glass cover, W/m? °C

k., — Evaporative heat transfer coefficient from
the water surface to glass cover, W/m? °C

I — Solar irradiance, W/m

K, — Thermal conductivity of humid air W/m °C

K}r — Thermal conductivity of humid air, W/mK

L — Latent heat, J/kg

,, — Distillate output from still, kg

Nu — Nusselt number

Pr — Prandtl number
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— Partial vapor pressure at water surface, Pa

— Partial vapor pressure at water surface, Pa

— Rate of evaporative heat transfer, W/m?

— Rate of evaporative heat transfer, W/m?

— Rate of radiative heat transfer from the
condensing surface to the atmosphere, W/m?

— Rate of convective heat transfer from the
condensing surface to ambient air, W/m?

— Tempertaure of sun, °C

— Initial water temperature, °C

— Initial temperature of water, °C

— Initial temperature of glass cover, °C

— Bottom heat loss coefficient, W/m? °C

—  Top heat loss coefficient from water surface
to ambient, W/m? °C

— Overall heat transfer coefficient, W/m? °C

—  Wind velocity, m/s

Greek letters

™R R

<€ ED

S33

iex

— Absorptivity of the basin

— Absorptivity of the water

— Coefficient of volumetric expansion coeffi-
cient, 1/K

— Density, kg/m?

—  Viscosity, N s/m?

— Exergy factor

— Carnot efficiency

—  Instantaneous thermal efficiency

—  Instantaneous exergy efficiency
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Appendix

Al. Derivation of exergy of thermal energy based on entro-
py concept

Source Tw Source Tg

Q

s e 77 =

Heat ) Heat >
<Engine w < Engine W

[ o Jaw

Ambient (Sink) Ta ‘

‘ Ambient (Sink) Ta

(a) (b)

Fig. A1l. Block diagram for determining the maximum work done by
using the concept of entropy.

Referring to Fig. Ala, the entropy of water heat engine
and ambient can be written as follows:

T.CdT T
(88) o = [ =Gy I (A
(As)heat engine =0 (Az)
-W
(88) o = (A3)

a

The total entropy of a system, Fig. 1a can be written as
follows:

T
(As)tolal = (As)water + (As)heat engine + (As)ambient = Cp ln?ﬂ + T

Eq. (4) can be referred to as universe entropy as:

T —
(as) =C nte 4+ =W (A5)
universe 4 Tw Tﬂ
By entropy principle, (AS) ... = 0, hence Eq. (A5)
becomes as:
ik QW
or,

T
W<Q+TC,In_*

w

(A6)

From the above equation, maximum work between water
and ambient becomes as:

T,
T } (A7)

w

W= C{(T -T)

Similarly, in Fig. Alb, W__ between glass and ambient
can be written as:

W= C{(T T)+Talnﬂ (A8)
8

By using Egs. (A7) and (A8), maximum work between
water and glass (condensing cover) can be written as:

T
—c{(n—n)—nln;ﬂ

The above maximum work is nothing but exergy, hence
exergy of a system is given by:

T
E, .= c{(T T )- Tulnd

Since mC = hA, (W/°C) hence exergy in terms of heat
transfer coeffv cient (h) becomes:

E, = h{(Tu - Tg) -T, ln%}

It is important to mention that all temperature values are
considered in Kelvin. Further, C = C_ is the same for both
Figs. 1a and b due to condensedp water at the inner surface
of condensing cover.

W =W

max max,1

-W

max,2

(A9)

(A10)

(Al1)



