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ABSTRACT

in this paper, optimization of exergy delivery by solar collectors is considered.
Combining the temperature distribution, thermodynamic laws. and the exergy
concept, the optimum operating conditions are analytically derived. Simple analytical
expressions for the optimum outlet temperature and mass flow rate are obtained. The
obtained results of this work may improve the solar collectors design and hence
enhance their performance.

Keywords Solar colleciors, Operating conditions, Thermodynamic,
Optiinization, Exergy

INTRODUCTION

Performance of solar energy systems is largely dependent on solar insolation that is
transferred to the fluid. The working temperatures are determined by the application of
usetul energy production. The optimum operating conditions of solar coilectors have
been investigated on the basis of the collected thermal energy. This ‘technique is
generally used to maximize the difference between the collected thermal energy and the
required pumping power, Kovarik et al.[1976] and Winn etal [1981] In fact, this

criterion equalizes the value of mechanical energy required and the obtained thermal
enerzy. The required pumping power is converted to thermal energy by Friction. This
process reduces the quality of energy, but not the quantity With the use of eneryy
balance only in the thermal analysis, it is impossible 10 determine the optimum design
and operating conditions for an independent collector, Suzuki [1988]. Because, on
one hand, according 1o the law of conservation of energy, high temperature hear
collection 15 accompanied with a large heat leakage to the surroundings, and for
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suppressing this, the thermal energy must be collected a1 low temperature. On the
other hand, an energetic efficiency curve of the solar collector is decreasing
monotonically with respect to outlet temperature. The quality as well as the quantity
of thermal energy can be treated by means of exergy, Kotas {1985] . Exergy is an
equivalent concept of availability or available work. There bas been growing interest in
the use of exergy principles for analyzing and evaluating cnergy demand as well as
technologies available to meet it. Specifically, the second law of thennodynamics lias
beeu used for better understanding the irreversible uature of real processes and systems
and thereby defines the upper bounds of available energy, Brodyansky et al. {1994].
Many researchers bave activated the second law analysis of various energy conversion
components aud Systems ,see Bejan [1988]. For example, the exergy analysis of the
collector performance and design can provide the answer for achieving maximum
convertible energy output, and hence improving the perfcrmance. Derivation of
optimum operating conditions (OOC) of a selar collector by tlhie use of exergy coucept
ot its equivalent lias been carried out by some investigators. Bejan et al. [1981] have
obtained the OOC on the basis of entropy generation for isothcrmal and nonisothermal
collector wedels, where the mlet tewperature assumed equal to the ambient
temperature . Suzuki et al. [1987], have derived au equation for determiniug the
collector outlet remperature that will optimize the system performance. However,
Because of the non lineanity of this equation, its solution is very difficult . Fujiwara
(1985] has showed that the criterion based on thermal efficiency and purnping power
does not give the optimum operating conditions when the fiiction beat is included in the
analysis. He lLies showed graphically that the optimum flow rate becomes infinite in
some regions of the inlet remperature.

Inthis article, the exergy analysis of solar collectors is presented. A number-of simple
rclations are developed analytically for OOC calcularions. These relatious can readily be
used for compuier solar collector programming .

EXERGY ANALYSIS

In steady flow with no changes in velocily end aftitude . the fluid ﬂm?.in
beiween the collector inlet and outlet gains an amount of energy equal 1o Q according
to the first law of thermodynamics.

Q; = Q: - Q[ (1)
By combining this equation witl the following second law form;

2 +Q'— +nr(s, —5,)+ 5w =0 (2}
L I
The symbols has the meaning given in the nomenclature. _ ‘ .
The exerey loss by the collector per unit time can be obtaimed from the following

equation , Bejan [1988];

Ex:w = Tﬂ‘Slﬂ' (3)
From equations (1), (2), and (3} the following relations are obtained;
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Exon = 0,(1- "; )= mlh, - )+ T,(s, - 5,) (4)

or
N - T, ]
=Q,(1--§_—)-—mC‘,(Ta-T,)+ mC Ln (_f-) {3)

where the first term @ (1 - —;;1—) in the above equations represents the exergy flux
from the sun. As any exergy quantity, it is expressed by multiplying energy difference
from its dead state by energy availability ratio {(EAR). The EAR is the maximum
copvertible (aetion of au energy quantity mmto work when using the reversible
processes, Suruki [1988]. 7,  is the apparent sun temperature as an exergy

source { = 3800K), Alsc, the desiroyed exergy can be represented by the following
equation ;

Exie = £/~ Fxo (6)
where Ex. presents the exergy gained by the working fluid due to increasing the fluid
temperature by the insolation aud £, is the exergy associated with the solar radiation .

In equation (6), £ x, takes the following form;

E, =mGC( T,-T )—T,.m.Cp.Ln(-;—-_"—) (7

In steady operating conditions , the mass flow rate per wut area A, and the

collector inlet and outlet temperawres T, T

.1, , are linked by the following equation,
Suzuki et al. {1987]:

=6 -(6-T, )" (®)
where; g= U/MCP
o1 190
U

@ :  The stagnation lemperature . It is the highest temperature of the
eollector which would be encourtered under the condition of no fluid flow through
the collector , Fujiwara [1983].

EXERGY OPTIMIZATION

Now, what is the optimal operating couditions it order to achieve the maximum wet

exergy flow?. In other words, what are the optimal values of 7,7, and consequently

©

the oprimal value of m  that maximizing the net exergy flow. The answers of these
questions are presented in this section. Elimivating 7, in equation { 7) by equation (8)

. Ex, canbe expressed as a functiou of T, and m as foilows ;
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Exo =mC e (6-T))-mC, T, In ( y+mCAT-6) (9

T,-6)+6

By differentiating the above equation with respect 1o T, and seriing g ; = equals
0 L)

zero , the following equation is obtained
mc,[r,, (T, -0 )-¢*(1,6+T,(1, 26 ) }+6 (T, - TO)J
T,(e*(.-8 )+6 ) '

=g (10)

After some mathematicsl manipulation tie optimum outlet temperature T °*' of the
fluid can be obtained as follows ;

-8 [ ] _ -
T°”'=tﬁe Jé‘e' +2e? (27, -9)+ 49 _ Be 8 +§- an

’ 2 2
The above equation represents 7 °7* as a function of §  and stagnarion

gl

temperature & . From equations (8) and (11}. T, can be calculated as a function

of T, and & fom the following imnplicit equation:

o . : _ 1 _
27, =+ [I:’ 9) +2[I’ 9]('—£‘--l]+1—”:’ 9]+1 {12}
8 -6) "\r-0Ma \7,~%
At fixed values of .7, , 7, and 8 the above equation mav be sobved

iterarively, Starting with a reasonable approximation for T, to the solution for 7™
and generates sequence of values {1’;‘ }r . that convergence to 77

In other words, the converged solution wmay be obrained if the condition
I -T, =00 s satisfied, under this condition { i.e. at 7™ =7, Jequation( 12)
can be simplified to the following simple form:

sgi
L% (13)

Using this obtained simple equation. the optimal outler temperature of the solar
collector can be calculated by kmowing &,7, and 7,  From egnations ( 7 and 13 ),

the optimal vet exergy flow can be caculated as follows:

. 7.6-T" 7.8
Ex, =mcp[[———:c—i—)—1;[.r{—7:7” {14)

Similarly , from equations (7), and (8) the optimum inlet temperature 7.7 is
expressed as ;

T op

Also, a siple relation for T,°7' asa functionof T, 7, and & is developed as ;

:__i-y@_\[f?e“’+2(2}"“—-9)e”+9 _92‘” P
2
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" _ T, (16}
& IR

Koowing the value of 7" the optimal flow rate M’m to be circulared throngh
the wollector can be obrained from equation {8) and (13) as follows ;

Mm = Cp (17)

v_
L

Ln 7}2”

e
T

RESTL.TS AND DISCUSSION

Tor A
Flgures {1 and 2 ) show the dependence of oprimum outlet temperature ( ‘:9 J and

T
the mass flow factor (f=10/ / MC, ) on the inlet temperature ratio [-‘9’—} at different

values of {7,/8). It can be seen from figure {I) thar in the range of

172
5—2 (};} , the flow rate M/ becomes infinte ( £=0 ). In the range

i ¢ 22 however. i becomes infinite { A/ =0). The former range corresponds
&

to the case that the net exergy has a higher quality (viz. has a high iulet temperature ) .
[owever . an infinite pumping power is required for the infinite A7. The latter ronge

correspends to the case Uiat the net exergy has uo quantity because M becomes zero
a this region . Therefore | it can be deduced that the above two regions are practically
unsuitable for an optinnun operating condition .

Ou the other hand, as showr i Figure (2), iu the range of

g '3 - L2
L L) , the optmal outlet tcmperature decreases at a ncatly

g #

g
constant rate by increasing the input temperature. Also the heat capacitance rate A/C,
decreases exponentially with incrcasing the oprumum outlet (emperature . Omnce the
fiuid inlet temperature is specificd with the other operating parameters in terms of the
instzalancous values of Q. T, ra and U . the optimum outlet tcmperature
T ™ can be obrained from figure (2) or equation { 13 } , then the optiinal mass flow

rate is caleuiated by equartion (17) or determined from figure (1) . Under the condition
of uniform temperature distribution aloug the collector ( i.e. for isothermal collector |
where 7, =7, }. it can be seen from equations ( 13,16.aud 17) and fignres (1), (2)
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T opt T op¢ T 12
that M — o and —:9—- = T = (?"-) .This result can be confirmed by

putting =0 (ie. M = o) In equations (8 and 11) whicyields.,,
. In fact these results agree with those obtained by Bejan et al. ( 1981), and Suzuki et
al. { 1987 ) for the isothermal model . Hence the optimum operating coandition for the

Z

111
1sothermal collector can be specified by consiant average temperature a (?)

o T, . ‘
By considering the case of % = -é‘-’- it can be seen from figure {2) or equation

(13) thar .7 = @ . Inother words , the optimum outlet temperature increases

[}

linearly with the stagnation temperawre . Tt is a marter of interest to note thart this
analytical result does not agree with that numerically obtained by Bejan et. al ( 1584)

it

where they suggested that 7.°7' = 8°7  However, according to the definition of

@
the stagnation temperature, mentioned before, the result which 1s reponed in the
present work seems more accepiable than that reporied by Bejan et a!  (1984)

CONCLUSION

In summary, a number of simple equations represenrting the optimum operating
conditions for solar collectors are derived analvtically by the application of exergy
concept. Once the collector has been designed or chosen, and the operating
parameters in terms of T, #, and T are specified. the following equations,

U
T ee A . Cp
"B = % ,and Mo = can be used to determine the values of
. A
Ln 16,: J
Zu_q
T

T7"  and the mass flow rate M oy for that particular collector. The most satisfactory

operating range for nonisothermal coilectors is defined in the present work as
1

I 7T .z . . . .
%(?((?)-. However, for isothermal models, the opimum fluid tetperature is
}
(6.7,)°. In the caseof 7 =T, inother words, when the inlet temperalure is equal
io that of the ambient | itlis found that; the optimum outlet temperature is lincarly
proportional with the stagnation temperature, T = 8

NOMENCLATURE
A - collector surface area, {(m?)
G, . specific heat at constant pressure, { JI’kg K)
h : specific enthalpy, { kg )
Ex ‘ rate of exergy, { Wim?)
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m . mass Row rate, { kg/s)

M mass flow rate per unit area, ( kg/s.m*)

Q, :gained energy by the coilector, ( W/m® ) i
Q, : solar radiation incident on the collector, ( W/m~)
o}  heat loss to the ambient, ( Wim®)

s - specific entropy, (Jke K)

s entropy generation rate, ( W/m’ k)

T . absolute temperature, { K )

T, ; apparent sun temperature as an exergy source, ( K)
u - collector loss heat transfer coefficient, ( W/m” .k}
7 stagnation lemperature, { K )

ez collector transitivity absorpitivity product

Subscript

a ; ambient

i s inlet

irr *irreversibility

o * outlet
Superscript

opt . corresponding to maximum rate of exergy collection
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Fig. 1. Optimum mass Now rate as a function
of inlel temperature for gifferent Tafp
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Fig.2, Optimum cutlet temperalure as a function
of inlel temperature lor different Tafe



