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Abstract

In this paper, thermodynamic optimization based on exergy concept is developed to determine the optimal
combination of values for the constructional parameters. This maximizes the exergetic efficiency of three flat-
plate solar collectors commonly used in thermosyphon solar water heaters (SWH). The effect of some design
parameters on the performance of a flat-plate collector has also been investigated. It has been observed that, the
optimal combination of values that maximizes the exergetic efficiency for the three models are the same, with a
slight difference in the maximum exergetic efficiencies. After studying a more practical situation, it has been
realized that, a distance of ten centimeters between the riser tubes lead to a more cost-effective solution for
designers. A change in the distance between the absorber plate and the glass cover from 0.001 to 0.03 m
indicates a strong influence of the distance between the absorber plate and glass cover on the heater
performance. The results also show the possibility to reach higher exergy efficiency with lower absorber area
and consequently lower price. Copyright © IJRETR, all rights reserved.
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Nomenclature

collector area (m?)

CTO o>

bond conductance (W/m°C)

Cp specific heat capacity of the absorber plate (J/kg °C)

D, internal diameter of the tubes (m)

D, outer diameter of the tubes (m)

Exdest destructed exergy rate (W)

Exin inlet exergy rate (W)

Exin'f inlet exergy carried by the working fluid (W)

Exin,rad absorbed solar radiation exergy rate (W)

E'XOUt outlet exergy rate (W)

Exmf outlet exergy rate carried by the working fluid (W)

E.Xu useful exergy rate (W)

F fin efficiency factor

F' collector efficiency factor

F heat removal factor

o} gravitational constant (m/s)

G solar radiation (W/m?)

hc’p_C convection heat transfer coefficient between the absorber plate and the cover (W/m?°C)
hr,c—a radiation coefficient between the cover and the sky (W/m®°C)

hr’ b radiation heat transfer coefficient between the absorber plate and the cove (W/m?°C)
hW wind convection coefficient (W/m?°C)

hy, convective heat transfer coefficient in the tube (W/m?°C)

ka thermal conductivity of air layer between absorber plate and glass (W/m°C)
ki thermal conductivity of the insulation (W/m°C)

kp thermal conductivity of the absorber plate (W/m°C)

|a distance between absorber plate and glass cover (m)

m mass flow rate in the collector (kg/s)
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number of glass cover

Nusselt number

(=

0 =2 =

Prandtl number

©

useful energy gain (W)

Rayleigh number

— o
Qo

@

ambient temperature (°C)

i

inlet water temperature (°C)

—

o

outlet water temperature (°C)

e

apparent sun temperature (°C)

bottom heat loss coefficient (W/ m*C)

o

overall heat loss coefficient (W/ m?°C)

-

wind speed (m/s)

top heat loss coefficient (W/ m*C)

—

S Cc < Cc C

distance between riser tubes (m)

Greek symbols

(04 absorptivity of the absorber plate

p collector inclination angle (degrees)

)'s volumetric coefficient of expansion

0, insulator thickness (m)

é‘p absorber plate thickness (m)

&, emissivity of the glass cover

&, emissivity of the absorber plate

Nen energetic efficiency

Nex exergetic efficiency
Stefan—Boltzmann constant (W/m?°C*)

v kinematic viscosity (m?/s)

cover transmissivity
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1. Introduction

Nowadays, humans are increasingly demonstrating their awareness of the risk of some of the globe’s energy
resources getting completely exhausted. More stringent measures are now being taken to guarantee more
efficient use of energy. This include the use of rooftop photovoltaic cells, solar water heaters, solar oven, solar
cookers and solar dryers. A SWH is a device which absorbs solar radiations and uses it to produce hot water.
Designing a SWH involves appropriate sizing of different components based on predicted solar radiation and
hot water demand [1]. The solar collector is the heart of a SWH, and its performance is strongly affected by
variation of its constructional and operating parameters. Among various types of solar collectors, flat-plate type
is the world’s most widely used collector because of simpler technology, lower price and easier maintenance.
An optimization of the flat-plate collector will have influence on improving the performance of the SWH [2].
One of the powerful methods of optimizing complex thermo-dynamical systems such as SWHSs is to do an
exergy analysis. Exergy analysis, derived from first and second laws of thermodynamics includes the quality of
the energy transferred, as compared to energy analysis [3]. The concept of exergy can also be used to combine
and compare all flows of energy according to their quantity and quality. Unlike energy, exergy is always
destroyed during conversions because of the irreversible nature of energy conversion process [4]. Attempts were
made by different investigators to optimized solar flat-plate collectors in order to improve their thermal
performance by employing the exergy concept.

Farahat et al [5] carried out a detailed energy and exergy analysis for a typical flat-plate solar collector
in other to evaluate its thermal and optical performance, exergy flows and losses as well as its exergetic
efficiency. They concluded that, the optical efficiency and inlet fluid temperature has great effect on the
exergetic efficiency of a flat-plate solar collector. Hedayatizadeh et al [6] presented the optimization of a
double-pass/glazed v-corrugated plate solar air heater based on exergy losses. Jafarkazemi and Ahmadifard [7]
presented a theoretical model for exergy and energy analysis of flat-plate solar collectors. They evaluated the
proposed model experimentally and studied the effect of some parameters such as: fluid flow rate, inlet water
temperature and the type of working fluid on the energy and exergy efficiency of the collector. Said et al [8]
analysed experimentally the influence of Al,Os-water nanofluid on the energy and exergy efficiencies of a flat-
plate solar collector. Their findings revealed that, nanofluids increased the thermal performance of a flat-plate
collector. Khademi et al [9] employed sequential quadratic programming and genetic algorithm for the
optimization of the exergy efficiency of the flat-plate solar collector. The results proved that sequential
quadratic method performs optimization process with higher convergence speed but lower accuracy than genetic
algorithm. Shojaeizadeh et al [10] studied the exergy efficiency of a flat-plate solar collector containing Al,O3—
water nanofluid as base fluid. They discussed the effect of some parameters like the fluid mass flow rate,
nanoparticle volume concentration, inlet fluid temperature, solar radiation, and ambient temperature on the
collector exergy. Said et al [11] investigated experimentally the energy and exergy efficiencies of a flat-plate
solar collector using short single wall carbon nanotubes based nanofluid suspended in water. They found that,
using improved thermo-physical properties of the nanofluid, the maximum energy and exergy efficiencies of
flat-plate collector was raised up to 95.12% and 26.25% compared to water which was 42.07% and 8.77%,

respectively. Badescu [12] presented optimal operation strategies for exergy gain maximization in open loop
4
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thermal solar energy collection systems. They used the water mass flow rate in the collectors as the control
parameter, and found that the optimum mass flow rate increases near sunrise and sunset and by increasing the
fluid inlet temperature. The results also show that during warm season, the optimum mass flow rate is well
correlated with the global solar radiation. Bahrehman et al [13] used energy and exergy analysis, to analyse the
effect of some parameters such as depth, length, fin shape, and Reynolds number on a single and two-glass
cover solar air collector systems with forced convection flow. Golneshan and Nemati [14] derived the exergetic
efficiency of unglazed transpired collector. Based on this efficiency, they optimized different cases of such a
heater and proposed a simple but useful correlation to predict the optimum working temperature. Said et al [15]
analysed the expanded exergy, entropy generation, the exergy destruction and the pressure drop for flat-plate
solar collector operating with single wall carbon nanotubes based nanofluids as an absorbing medium. Their
results shows that, the single wall carbon nanotubes nanofluid reduced the entropy generation by 4.34% and
enhance the heat transfer coefficient by 15.33% compared to water as an absorbing fluid. Benli [16] compared
five types of solar collectors based on the first and second law of thermodynamics. They determined the
collector efficiencies, friction coefficient and exergy loss and concluded that, the heat transfer coefficient and
pressure drop increase with shape of absorbers surface. Bayrak et al [17] used the first and second law of
thermodynamic to analyse the performance of porous baffles inserted in solar air heaters.

To the best knowledge of the authors, a considerable improvement in the collector’s performance is
obtained by applying the exergetic analysis to a flat-plate collector and this help designers to achieve an
optimum design and gives direction to decrease exergy losses. But yet, no study has been made employing the
energetic and exergetic analysis on liquid flat-plate solar collector presented in fig. 1 below, used in
thermosyphon SWH, in order to optimize its performance with respect to the geometrical design parameters.

Hence, the main objective of this paper is to derive the right optimal combination of values for the
geometrical design parameters that will maximize the exergetic efficiency for three selected flat-plate collectors;

and to present the effect of the distance between the absorber plate and the glass cover on the performance of the

collectors.
Glass cover ~ ~
Absorber plate : — n - P w w
ey T an 1B TR JRERET TS
Tube seienti]  PRee] PR
Insulator Upper-bond Side-bond ower-bond
Box configuration configuration configuration
Fig .1. Various types of liquid flat-plate solar collector
2. Theoretical analysis of the Flat-plate Collector
2.1.  Energetic analysis
The heat energy gain by the working from the collector absorber plate is given by [18]
Q = rhcp (Tfo _Tfi) 1)
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Since the above equation is not helpful in the study of the effects of some constructional parameters on the
performance of a collector, the Hottel-Whiller [19] equation for the useful heat gain from the solar collector, that
provide the opportunity of observing the effects of some design parameters including heat loss coefficient and

optical efficiency of the collector on the thermal efficiency given by the correlation below is used.
Qu=AF, (Gra-U (T,-T,))= A (Gra-U (T,-T,)). %)

Where the collector heat removal factor (FR ) is defined as:

" ,
FR:m P 1—exp{—F.ULA} . ©)
UA mC

P
In (3), F' is the collector efficiency factor. For the three types of absorber configurations considered, the

collector efficiencies factor, are given by the following correlations [20]:

In the case of tubes bonded below,

e 1/U, @
1 1 1
—+—+
zDh; C, U [D,+(W-D,)F]
In the case of tubes bonded above,
. 1
F'= WUL N 1 . (5)
7Dy %4_ 1

W WU, W
+
C, (W-Do)F

In the case of tubes in line with the absorber plate,
1/U,

F'=

) ) (6)
W +
7D h; ULI:D0+(W_D0)F]
The convective heat transfer coefficient in tubes hfi , in the previous equations is deduced from the principles of

thermal heat transfer and according to the nature of flow of the working fluid, laminar or turbulent, according to
the internal diameter of the tubes and the fluid flow rate. The fin efficiency factor in (4), (5) and (6) is given by:

tanh| | (W-D,)
_ Vko, 2

= \/UL TECE )

k,5, 2

The fin efficiency factor is a function of the overall heat loss coefficient (U L)which is given by the following

equation: (It is assumed the edge loss coefficient to be negligible)
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U, =U,+U,. @)
For a single-glass-cover system, U, , which is the top heat loss coefficient, is calculated with the following

correlation:

-1
U, = ! + L . 9)
hc,pfc +h h,+h. .,

r,p—C

For tilt angles up to 60°, the heat transfer coefficient, h is given by Hollands et al [21] for collector

c;p—c
inclination angle (3 in degrees:

+

hC —cla
Nu =22 =1+1.44) 1

a

. (10)

1708 | 1_1708[sin(1.8,8)]l'6 | Racos(p) %_
Racos( /) Racos( ) 5830

where the meaning of the + exponent is that only positive values of the terms in the square brackets are to be

used (that is, use zero if the term is negative). The Rayleigh value, Ra, is given by:

' 3
gp'Prl
Ra== ——=(T,-T,). (11)
1%
In (9), hr’p_C and hr,c—a are the radiation heat transfer coefficient from the absorber plate to the glass cover and

from the glass cover to the air respectively.

B a(T; +Tf)(Tp —TC)

hpe=——7—1 (12)
—+—-1
&, &
2 2
hoo=e0(T)+To )(T,+T,,) (13)
where Tsky is the sky temperature given below as in [20]:
15
T,, =0.0552T,'°. (14)
The convection heat transfer coefficient between the transparent cover and the air above, hW, is given as
h,=57+3.8V. (15)

Since the air properties are functions of the operating temperature, in the previous equations, solutions by
iterations are required for the determination of the top heat loss coefficient. Due to the fact that, the iterations
required are time consuming and tedious, straightforward determination of the top heat loss coefficient is given

by the following empirical equation [22]
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U = 1 . o(TZ+T7)(T, +T,) | "
t N 1 1 LN+ -1+01335,
Cc (Tp -T, J h, &,+0.00591Nh, g,
T,UN+f

Theterms f, €, C,and h, will be calculated using,

f :(l+ 0.089h,, —O.ll66hwgp)(1+ 0.07866N), (17)
e= o.43[1-@j, (18)
Tp
0<p<70°
C =520(1-0.0000515°), P _ . (19)
p=70if g>70°
In (8), the bottom loss coefficient U, can be calculated from the following equation:
k.
u =—_. 20
b5 (20)

In order to determine the various heat transfer coefficients at main surfaces of the flat-plate solar collector and to
evaluate the overall collector heat loss coefficient the absorber temperature should be identified from the fluid

inlet temperature as given in [20]

T =T. +——(1-F). 21
o =Ts+ FJRUL( =) (21)

The mean fluid temperature T, necessary for the determination of the convective heat transfer coefficient h,;

for the working fluid in the absorber tubes can be determined from the inlet fluid temperature as given in [20]

F
T, =T+ _Q (1— —R,j . (22)
AFRU L F
The glass cover temperature is calculated following the methodology presented in [20]
U (T, -T,
T, =T, ——t( P ) . (23)
hc,p—c + hr,p—c

The energetic efficiency of a solar collector is obtained by dividing (1), by the solar energy incident on
the collector surface. Thus, the energy efficiency of the system can be written as:
mC, (T, -T;)
Nen = n ~— - (24)
AG
Using the well-known correlations of the working fluid temperature distribution in a flat-plate collector given

below (25), the energetic efficiency of the flat-plate collector can be re-arranged as in (26).
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To=T,+ %% [ 1, -, -5 |exp| -LAF (25)
U, u, mc,
mC, || Ty =T, - 7% || exp| - L5 | 4
U, mC,
= 26
Men AG (26)

2.2. Exergetic analysis

Exergy is the maximum amount of work which can be produced by a system as it comes to equilibrium
with a reference environment [23]. In order to evaluate the thermal performance of the flat-plate solar collector,

the exergy equilibrium equation presented in [7] is used:
Z EXin _z EXout = Z EXdest J (27)

where EXin is the inlet exergy rate, EXOut the outlet exergy rate, and E.Xdest the destructed exergy rate.

The inlet exergy rate is made of two main parts: the inlet exergy carried by the working fluid and the
absorbed solar radiation exergy rate.
The first part is given as in [24]:

. T.
EX, ; =mMC, [Tﬁ -T,-T, |n[T—fD (28)

The second part is calculated using either of the following equations presented by Spanner [25], Petela [26], and

Jeter [27] respectively, that is:

EXy ag =G A | 1- ga} (29)
. 11, 4t

EXin,rad :GT(Z& 1+§ T_ — 3T , (30)
. i T,

EXin,rad = GTaA: 1_T_:|; (31)

where T, is the solar radiation temperature and taken to be 6000 K. The differences in the results coming out

from these three calculation methods are less than 2% [28]. The Jeter expression is used in our calculation.

The outlet exergy rate is made up only of the exergy rate of the outlet fluid given by [24]:

. T
EXyy s =MC, LTfO ~T,-T,In [T—fjj (32)

a

The useful exergy gain is obtained by subtracting (28) from (32);
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Bx, =C, | (T, —T,)-T, In|

X, =m p (fo_ fi)_an = || (33)

fi

The destructed exergy rate which is generated due to the temperature difference in the solar flat-plate
collector includes three terms:

The first term is the destructed exergy which resulted from the temperature difference between the sun and the

absorber plate temperature [29]:

i 1 1
Ex =1aGAT, | ———|. 34
dest,s—p 1 A a(-l-p TS] ( )

The second part is the destructed exergy which resulted from the heat losses from the system to the surroundings
[29]:

. Ta
EXdest,Ieakage =U L A% (Tp _Ta )(1_ T_J : (39)

p

The third part occurs during the heat transfer process from the absorber plate to the fluid and is given as in [7]:

: . Tfo Tfo _Tfi
EXgest p_¢ =MC,T, || IN—= ——— | (36)
fi

p

The exergetic efficiency of the solar flat-plate collector can be defined as the ratio of the useful exergy gain to

the total inlet exergy by the solar radiation [30]:

. Tfo
me T, —Tp—T,In| —
Tfi

Nex = GA& l_.l;a (37)
TS

Substituting (25) in  (37) the exergetic efficiency of the collector can be re-arrange as

follow:
o Ui |
' m
mC, Tﬁ—Ta—Gﬂ exp —UL_ﬁ =1]|-mC,T,In P T, _Ta_Gﬂ 41
UL me Tfi U|_
Nex = L N

(38)

10
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As can be seen from (38), the exergetic efficiency of flat-plate collectors is a function of many design
parameters, such as: the distance between the riser tubes, the internal and outer diameters of the riser tubes, the
absorber plate thickness, the insulator thickness, the collector area and the collector tilt angle. The exergetic
efficiency given by (38) is used as the objective function of the optimization algorithm. The genetic algorithm is
used as the optimization algorithm, which helps to obtain the various geometric parameters that maximize the

exergetic efficiency.
2.3. Genetic Algorithm

The genetic algorithm is an optimization and search technique based on the principles of genetics and
natural selection introduced by John Holland [31]. A genetic algorithm allows a population composed of many
individuals to evolve under specified selection rules to a state that maximizes the “fitness”. In general, the fittest
individuals of any population tend to reproduce and survive to the next generation, thus improving successive
generations. However, inferior individuals can by chance, survive and also reproduce. At each step, the genetic
algorithm selects individuals at random from the current population to be parents and uses them to produce the
children for the next generation. Over successive generations, the population evolves toward an optimal solution
[32]. A complete methodology of genetic algorithm is presented in many books, such as the book of Goldberg
[33], Holland [31] and Davis [34]. The superiority of genetic algorithm is its suitability in solving nonlinear and

complex problems [9].

3. Analysis
In order to construct a solar water heater with locally manufactured materials, which will be cost-
effective and affordable, the various constructional parameters used as the constraints in the optimization

problem has been set as shown below. The objective function of the optimization problem is as follow:

Objective function=1r,,. (38)
The optimization problem can therefore be formulated as follow:

max Objective function =(38)
0.03<W <£0.2m,

0.9<A <2m?,

0.005< D, <0.011m,

0.012< D, £0.022 m,

0.05<6 <0.1m,
0.001<6,<0.002m,

30< B <60

11
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Where W, A, D,,D,, 5, é'p and /3 are the constructional parameters of the optimization problem. Water is

used as the working fluid. The considered environmental, the design conditions of the flat-plate solar collector
and the constant parameters for the optimization procedure are given in table 1.

Table 1: Environmental and constant parameters used in the exergetic optimization [35]

Parameters Values
Transmittance of glass cover, 7 0.88
Thermal conductivity of absorber plate, kp 400 W/m °C
Apparent sun temperature, T, 6000 K
Fluid specific heat, C, 4182 J/kg °C
1

\l;lvu mdber ofdgls/ss cover 5 5 m/s

Ind Speed, 500 W/m?
Solar radiation, G
Mass flow rate, M 0.002kg /s

] ' 22°C

Ambient temperature, T,
Emissivity of absorber, &, 0.17
Absorber plate absorptivity, a, 0.95
Thermal conductivity of insulation, K 0.038 W/m °C

4. Results and Discussion

The genetic algorithm program developed consist of a population size of 375, a mutation rate of 0.01, a
selection rate of 0.95 and the chromosomes type is continuous. In this work the genetic algorithm was finished
when the optimum solutions were reached. Fig.2. shows the convergence diagram of the optimization
procedure. As it is seen on the figure, the genetic algorithm was stopped after best fitness remained unchanged
for a thousand generation.

0.07 - . .

0.06}
-—=-- Optimum

0.05L Mean T

0.04

0.03} .

0.02 .

Exergetic Efficiency (%)

0.01} i

0

0 500 1000 1500 2000
Generation / Iteration

Fig.2. Convergence diagram for the optimization procedure 12
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The calculated value for the exergetic efficiency and the optimal combination of values for the

parameters that maximizes the exergetic efficiency are presented in table 2 for the three types of flat-plate
collectors.

Table 2. Results of the optimization process and maximum exergy efficiencies obtained

wW(m) | A (m) Dim | Do(m) | & m) | & (m) | Bdegree) | n, (%)

Lower bond 0.03 0.9 0.011 0.012 0.05 0.001 30 6.2105
Side bond 0.03 0.9 0.011 0.012 0.05 0.001 30 6.2061
Upper bond 0.03 0.9 0.011 0.012 0.05 0.001 30 6.2023

According to the results shown in table 2, the absorber plate area, the outer diameter of the riser tubes,
the distance between the riser tubes, the absorber plate thickness, the insulation thickness and collector
inclination angle remain at their minimum values, while the internal diameter of the riser tubes remains at it
maximum value, determined by the constrains. The figures below are obtained by varying one of the above
geometrical parameters and keeping the other parameters constant.

Fig.3. shows the behavior of the exergetic efficiencies as a function of the distance between riser tubes
for the three models. By varying the distance between the riser tubes in the limiting domain determined by the

constraints and keeping the other parameters constant, a sensible decrease of the exergetic efficiencies from 6.2
to 5.4 % is observed.

6.4 T T T T T T T T
—— Lower Bond

62L ~ Upper Bond

§ --=--Side Bond

>

g o

O

=

(¢D]

=2 5.8

(¢D)

(@))

o

X

W 56+

54 1 1 1 1 1 1 1 1
0.02 004 006 008 01 012 014 0.16 018 0.2

W (m)
Fig. 3. The variations of the exergetic efficiencies versus the distance between riser tubes for the three models.
Fig.4. shows the variation of the exergetic efficiencies with respect to the absorber plate area for the
three models. This figure reveals that, there is just a slight difference between the global maximum exergy
13
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efficiencies obtained with the three models. For example for and area of 1.2 m? the maximum exergy
efficiencies are 5.1680 %, 5.1644 % and 5.1631 % for the lower-bond, side-bond and upper-bond configurations
respectively. Keeping the other parameters constant and varying the absorber plate area in the limiting domain,
it is observed that the exergetic efficiencies start at the maximum values obtained by the optimization procedure
and decrease as the absorber plate area increases. It is important to note here that, the variations of the exergetic
efficiencies versus the insulator thickness and that of the exergetic efficiencies versus the collector inclination

angle for the three models have the same trends as that of the exergetic efficiencies versus the absorber plate
area.

6.5 T T T T T
—— Lower bond

»{; N e Side bond
1,; -1 N — Upper bond |
o
=]
T
pr 4.5t
o
> 4
(¢D]
X
W 35¢

%.8 1 1.2 1.6 1.8 2

14,
Ac (M)
Fig. 4. The variations of the exergetic efficiencies versus the absorber plate area for the three models.

Fig. 5 shows the variations of the exergetic efficiencies with respect to the internal diameter of the riser
tubes for the three models. By increasing the internal diameter of the riser tubes from 0.005 to 0.011 m with the
other parameters constant, it is observed that the exergetic efficiencies increase slightly until it attains the global
maximum value for a diameter of 0.011 m. Fig. 6 and 7 illustrate the variations of the exergetic efficiencies
versus the outer diameter of the riser tubes and the variations of the exergetic efficiencies versus the absorber
plate thickness for the three models respectively. From these figures, it can be seen that the design parameters
such as the outer diameter of the riser tube and the absorber plate thickness have a little effect on the exergetic
efficiencies. Thus, for a cost-effective design of collectors, decision has to be made based on cost, which
increases for bigger outer diameter of the riser tubes and for bigger absorber plate thickness.

Since the distance between the consecutive riser tubes obtained above is too small, many tubes will be
used and as a result, the collector will cost more. To overcome this situation, a more practical distance of ten
centimetres between the riser tubes is used and this parameter is removed from the optimization procedure. The
results for this situation are presented in table 3. Comparing the values obtained for this practical case with the

values shown in table 2, it can be seen that the exergetic efficiencies are not affected too much and that all the
14
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other parameters presented in table 2 remain unchanged. This case however is much more cost-effective because
the smaller the distance between risers tubes, the more the number of tubes and therefore the collector will be
more expensive.
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Fig. 5. The variations of the exergetic efficiencies versus the internal diameter of the riser tubes for the three
models.
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Fig. 6. The variations of the exergetic efficiencies versus the outer diameter of the riser tubes for the three
models.
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Fig. 7. The variations of the exergetic efficiencies versus the absorber plate thickness for the three models.

Table 3. Optimization results for a more practical case (distance between riser tubes = 10 cm)

2z
Ac (M) Di (m) Do (M) S, (m) S, (m) | Bldegree) | p. (%)
Lower bond 0.9 0.011 0.012 0.05 0.001 30 5.8634
Side bond 0.9 0.011 0.012 0.05 0.001 30 5.8593
Upper bond 0.9 0.011 0.012 0.05 0.001 30 5.8379
4.1. Comparison with previous works

To validate the present results, the numerical code is first validated using design parameters considered
by Khademi et al [9] as input data for the optimisation program. The maximum exergetic efficiency obtained
with these parameters is found to be 7.224 %. Comparing the optimal obtained result (7.224 %.) for this case
with the optimal results (7.002 %) obtained using genetic algorithm by Khademi et al [9] a deviation of 0.222 is
observed. Since Khademi et al [9] did not indicate the solar flux density there used in their numerical
computing, this difference can be attributed to the solar flux density consider to be 500 W/m? in the current
study. In order to compare our results with previous published works, the experimental results of Luminosu and
Fara [36] for the open circuit mode of the solar collector with serpentine ducts, the numerical simulation results
of Farahat et al [5], Khademi et al [9] and Mukhopadhyay [37] are used. Table 4 compares the analysed
exergetic efficiency with an experimental work [36] and the computer simulation results of [5, 9, and 37]. The

global maximum points suggested by Luminosu and Fara [36] are: Ac = 3.5 m?, M =2.90 %. For almost the

same collector, Khademi et al [9] obtained exergy efficiency = 7.002 %. The optimal exergy efficiency that was
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obtained in [37] for a solar collector with area Ac= 3.12 m? is M =5.20 %. The calculated values for the global

maximum point obtained by Farahat et al [5] are Ac = 9.14 m? and Mo =3.89 %. Comparing the exergetic

efficiencies obtained in the present study as shown in tables 2 and 3 with that obtained by Khademi et al [9]
(7.0002% for an area of 3.12 m?), Farahat et al [5] (3.898%, for an area of 9.14 m?), Luminosu and Fara [36]
(2.90 %, for an area of 3.5 m?), and Mukhopadhyay [37] (2.13 %, for an area of 5.20 m?), it can be concluded
that, the results obtained in the present work show the possibility to reach higher exergy efficiency with lower
absorber area. It is important to mention here that the exergy efficiencies presented above are weak because of
the irreversibilities (exergy destructions) taking place in flat-plate solar collectors. The present numerical
simulation results determines the right combination of values for the various geometrical parameters that
maximizes the exergetic efficiency; and it show the possibility to reach higher exergy efficiency with lower
absorber area and consequently lower price. The present results are also in good agreement with the
experimental data presented in [36] because for the same input parameters, the outlet fluid temperatures are
almost the same. But a significant difference in optimal values of exergy efficiency is noted between the present
results and that of Luminosu and Fara [36]. This may be due to the simplifying assumption for sun’s exergy

flow rate they made.

Table 4. Comparison between the present numerical simulation results and experimental [36] and computer
results [5, 9, and 37].

T,(K) CWmM) T (AT =Tf0—Tﬁ)(k) AMm) 7, (%)

Luminosu and Fara [36] 305.15 788 351.15 46.00 35 2.90
Farahat etal [9] 300.00 500 358.82 58.82 9.14 3.89
Khademi et al [5] 30000 Notfound  407.68 107.68 3.12 7.002
Mukhopadhyay [37] 303.00 800 380.01 77.01 2.13 5.20
Present work 302.00 800 351.45 51.45 0.90 6.21

4.2. Parametric study

Employing the mathematical model presented above, the effect of the distance between the absorber
plate and glass cover on the thermal performance of a flat-plate solar collector is examined in this section.

Fig. 8 indicates that increasing the distance between the absorber plate and glass cover to
approximately 0.03 m leads to a considerable increase in the absorber plate temperature. This increase in the
absorber plate temperature leads to a decrease in the heat loss coefficient for any increase in the distance
between the absorber plate and glass cover, and consequently to an increase in the thermal efficiency of the
collector (Fig. 9).
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Fig.8. Variations of the absorber plate temperature versus the distance between absorber plate and glass cover.
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For a more precise and complete analysis of the exergetic efficiency of the flat-plate solar collector,
exergy destruction components which are generated due to the temperature difference in the solar flat-plate
collector are taken into consideration. Considering fig. 8, it is obvious that, the absorber plate temperature
increases as the distance between the absorber plate and glass cover increases. As a result, the destructed exergy
which is due to the temperature difference between the sun and the absorber plate temperature will decrease as
illustrated in fig. 10.
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Fig.10. Variations of absorption exergy losses versus the distance between absorber plate and glass cover.

The evolution of EX and the exergetic efficiency versus the distance between the absorber

dest, leakage
plate and glass cover is shown in fig. 11. As it has been shown in fig. 9, increasing the distance between the
absorber plate and the glass cover leads to a considerable decrease in the overall heat loss coefficient (fig. 9).
The decrease in the overall heat loss coefficient leads to a decrease in the exergy destruction due to collector’s
heat losses as shown in fig. 11, and consequently to an increase in the exergetic efficiency of the flat-plate

collector (fig. 11). Therefore, increasing the distance between the absorber plate and the glass cover leads to an

increase in the exergetic efficiency of the heater. Fig. 12 show the evolution of Exdext’p_f versus the distance

between the absorber plate and the glass cover. Increasing the distance between the absorber plate and glass
cover leads to an increase in the rate of exergy destruction in the heat transfer process from the absorber plate to
the working fluid.
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5. Conclusion

In this paper, the exergetic optimization of three flat-plate solar collectors mostly used in thermosyphon
SWH with the help of genetic algorithms is presented; and the effect of the distance between the absorber plate
and the glass cover on the performance of such a heater were also investigated. A number of seven parameters
linked to the dimensions of different components, were considered as the restrictions in the optimization
problem and other parameters were kept constant. The optimal combination of values for the optimization
parameters that maximizes the exergetic function is obtained for the three flat-plate collectors. It has been
observed that, the optimal combination of values that maximizes the exergetic efficiency for the three models
are the same, with a slight difference in the maximum exergetic efficiencies. After studying a more practical
situation it has been realized that a distance of ten centimeters between the riser tubes lead to a more cost-
effective solution for designers since the exergetic efficiency is not affected too much. It has also been observed
that, the efficiencies of the collector are nearly constant for the distance between the absorber plate and glass
cover greater than 0.04 m. A change in the distance between the absorber plate and the glass cover from 0.001 to
0.03 m resulted in an increase in the efficiencies of the heater, indicating the strong influence of the distance
between the absorber plate and glass cover on collector efficiencies. The above findings also show the

possibility to reach higher exergy efficiency with lower absorber area and consequently lower price.
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