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Abstract

In this paper, performance assessment of two solar air systems is
conducted through energy and exergy analysis. One is an unglazed selective
absorber (C;) and the second is a single one solar air with the polymethyl
methacrylate as cover (C,). The mean hourly values of solar irradiation and
ambient temperature of Garoua region in Cameroon are used. The influence
of the solar air heater duct depth and the number of transfer units on the
exergy output is discussed. The main results we can draw are that at 12:30,
the exergy output rate (Exu) of the first collector is almost five times the one
of the second collector. The highest dimensionless exergy loss occurred in
the collector with plastic cover while the lowest through unglazed collector.
It has been also observed that for NTU (Number of Transfer Units) higher
than 1.8, the exergy output rate increases weakly and becomes constant for
NTU greater than 2.5.

Keywords: Unglazed selective absorber, plexiglas, energy analysis, exergy
analysis, exergy loss

Introduction

The challenge of the people living in this world is to face a problem
of energy in various forms. Today this energy seems to become a basic need
for the world population. However, the kind of energy to be used is
important. In fact, the fossil fuel energy is responsible for the climate change
and must be avoided. One of the alternative ways to reduce the use of the
fossil fuel is by to use of the solar air heater for some applications. These
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applications are essentially related to the supply of hot air to school
buildings, agricultural and industrial drying (Wenfeng et al. 2007). Its
advantages are low cost and no high pressure problems (Wazed et al. 2010).
However, before using this system, thermal performance need to be
improved. This performance depends on the material, type of the absorber,
shape, dimension and layout of the collectors (Akpinar et al. 2010). It is
reported in literature that heat transfer rate can be enhanced by increasing the
surface area by using corrugated surfaces (Wenfeng et al. 2007, Liu et al.
2007) or extended surfaces called fins (Ho et al. 2002, Naphon 2005).
Another method is to increase convective heat transfer coefficient by
creating turbulence at the heat transfer surface

Nomenclature.

2 .
A area element (M) Wy pump work (w)
C,:  specific heat (J/kg.K) wv-  space coordinate
dy:  equivalent diameter of air channel Y GrF()aek letters
Ex: exergy (w) )
E..  exergy output rate ignoring pressure drop (w) O:  solar absorbance
Exup:  €xergy output rate considering pressure drop (w) d :  thickness (m)
Eest  rate of irreversibility (w) €1 emissivity
= collector efficiency factor 0 :  Stefan-Boltzmann constant
f: friction factor t: Transmitivity
G: mass flow rate per unit area (kg/m”.s) P - reflectance
2
h: heat transfer coefficient(W/ M K ) pf : fluid density (kg/m®)
H or e solar heater duct depth (m) AD . 2
It radiation intensity (w/m?) P+ pressure drop (N/m’)
k: thermal conductivity (W/mK) Mom - pump-motor efficiency
m-. mass flow rate (kg/h) 7 - g
: . E ff f
Nu- Nusselt number s xergy efficiency of radiation
NTU: Number of transfer units _—
P: pressure (N/m?) N SUbSZ:T']E}[ém
Pr: Prandtl number b: ’ bottom plate
Re: Reynolds number c: . convection, cover
S: entropy (J/kg .K) £ fluid (air)
S: incident solar radiation (w/m?) ' fi- inlet
T: temperature (K) f0'. outlet
t time (h) 2 p: absorber plate
U:  loss coefficient (Ww/ M~ Ky r: radiation
V: wind speed (m/s) s: selective
SAH: Solar air heaters t: top

by providing artificial roughness on underside of the absorber plate (Karwa
et al. 2001, Layek et al. 2007, Saini et al. 2008). Finally, investigations also
showed that heat transfer can be improved by using the selective coatings on
the absorber of conventional solar air heater (El-Sebai et al. 2010) or simply
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an unglazed selective absorber (USA) (Njomo et al. 2006). Tchinda (2009)
published recently a review on the mathematical models performed for
predicting thermal performance of solar air systems. He noticed that the
major governing equation in the models were investigated using the first law
of thermodynamic.

In that way, Njomo et al. (2006) made the theoretical study of an
USA and the solar air heater with Plexiglas as cover considering operating
conditions of the Garoua town.

An unglazed selective absorber is a renewable energy technology
with a considerable potential for commercial and industrial applications.
Some applications such as sun drying in agricultural sector and paring
photovoltaic and thermal systems with USA are regularly considered (Chow
et al. 2010). Researches also showed that the cost of solar air heaters is
significantly reduced when using bare collectors with selective porous or
non-porous absorbers (Verma et al. 1991, Kutscher et al. 1994). On the other
hand, with the purpose to collect maximum energy at the minimum cost, the
glass usually used in solar air heater as cover can be replaced by the plastic
like the polymethyl methacrylate (plexiglas)(Njomo, 1995) . Due to the
importance and the applications of these collectors in thermal process as
mentioned above, it becomes important to pay more attention on them.
Previous work (Njomo et al. 2006) did not take into account the pressure
drop in the duct of collectors and the energy analysis alone can not be a
criterion for the optimization of the systems. Therefore, in order to take into
consideration those insufficiencies, the theory of exergy is used for
evaluating performance and optimizing the designed heater.

The first law of thermodynamics deals with the quantity of energy
and insists on the fact that energy can not be created or destroyed while the
second law deals with the quality of energy. To balance the quantity and the
quality of heat transfer during thermal process, exergy analysis is suitable. It
is important to use the concept of exergy balance in the analysis of thermal
systems. That exergy balance is a statement of the law of degradation of
energy due to the irreversibilities of all real processes. The exergy of a
system can be defined as the maximum useful work possible during a
process that brings the system into equilibrium with the environment. An
exergy analysis is a powerful mathematical tool in the design, assessment,
optimization and improvement of complex thermodynamic systems. Many
authors (Bejan et al. 1981, Bejan 1986, Gupta et al. 2008) published papers
in connexion with the governing equations of exergy balance to be applied to
solar collectors. From those works, the popularity of exergy analysis method
has considerably grown.

The main purpose of this paper is to go beyond the above restrictive
assumption concerning the pressure drop and energy analysis. In this study,
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the energy and exergy analyses is done to investigate the performance of an
unglazed selective absorber (collector C;) and the collector with Plexiglas as
cover (collector C,) when functioning in the same operating conditions and
with the same dimensions. The influence of daily means hourly values of
solar irradiation in May at Garoua (9°20 N; 13°23  E), the solar air heater
duct depth and the Number of transfer units on the exergy output is discussed
among others.

Thermodynamic modelling:
An USA collector is a bare collector with the selective absorber and
made of an absorber plate whose irradiated surface is covered with a

selective coating that has the radiation properties &% =0.92 and &, =0.13

(Njomo et al. 2006). The shaded surface of this plate (%= =0&) and
the back metallic plate are painted with black colour.

After neglecting the time rates of change of the enthalpies of the
different components of the collectors and under steady state, one can write
the following energy balance equations based on the first law of
thermodynamic as

For the collector C; (Fig. 1)

h, AN 5 Selective absorber

T h
T, ORE .
he o Thr, ps
Insulation \

N N

v Back plate

Fig.1. Unglazed selective absorber (USA)

e For selective absorber
o IT = hr,ps (Ts _Tp)+ hc,sf (Ts _Tf )+(hc,sa + hr,sa)(Ts _Ta)
(1)
e For back plate
M (TS —Tp): h, (Tp -T, )+Ub (Tp —Ta)
(2)
Energy balance equations for collector C, (Fig.2)
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Fig. 2. Single cover solar air heater with the Plexiglas as the cover

Insulation

e For the transparent cover

o, IT = hr,pc (Tp _Tc ) + hc,cf (Tf _Tc ) + (hc,ca + hr,ca)(Tc _Ta)

(©)

e For the absorbing plate

L0lr,a)ly =(Uy +h, ) (T, =T, )+ (T, =T¢ )+ oo (T, - T2)

(4)

For the air flowing through the channel of collectors, one can write
mc, oT; .

—,j=¢C,s
IG) ¢

Solving Egs.(1), (2), (3) and (4) for T, and T, considering the following
boundary condition

Tf ‘ x=0 = T
(6)

The outlet temperature for collector C; can be written from Eq.(5) as:

fin

c.G

:_C15+Clp+(c35+c3p)Ta+ -I- +Cls+Clp+(c3s+C3p)Ta]eXp( b J
p

f f
° Cpg +Cpp =2 " Cyg +Cpp =2

(")

where
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(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

a

hTs :hr, ps +hc,sf +hc,sa +hr,s

hr,ps
th: r,ps 1_ hT +hc,pf +Ub

S

hc,sf hr,ps
hTf - hT +hc pf
hTal (hr,ps +Ub)%
(aslT)hr ps
P b,
_
C2p =—
e,
C3p :h
L

i,
C3S _ E_'_ hTalhr,ps
s thhTs
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and for the second collector

I - [(c,+acy,)+(c, +ac, )T, | +[Tfin N [(c,+ac,)+(c,+ acl“)Ta]]exp[ b J

9

—2+C +ac;, —2+C +ac;, Gce,
(20)

where
th = hr,pc + hc,cf + hc,ca + hr,ca
(21)
hTa = hc,ca + hr ca
(22)
hy, =U, +h. , +h +h .
(23)
hda =Ub +hr,pa
(24)

h. ¢ +h
Cl - — 2Yp

M

Pohy
(25)
C. = hUath +hr,pchTa
? thth _hfpc
(26)
h

c, :Lz{(ar) I +aclT( — ﬂ

thth _hr,pc th
(27)

h h
ac,, = %ly + LE |:(0£Z') I, +aCIT( i H
th thth _hr,pc th

(28)

_ hr,pc (hc,pf +hr,pc) n hc,pf

ac, -
thth _hr,pc th
(29)
ac, = &+ hr’pc hr‘pChTa + hTC (U: + hr,pa)
fre P hohre —h2
(30)
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-2 e (hcypf + hr,m) hr,pc (hc,pf + hrm) hc,pf
0 c, pf + _h2 + _hz +
th th r,pc th th r,pc th

(31)
Hydraulic performance:
Hydraulic performance of a solar air heater concerns pressure drop

(AP) in the duct. Pressure drop accounts for energy consumption by fan to
propel air through the duct. It can be presented in non-dimensional form by

using the following relationship of friction factor ( f ) reported by Franck et
al. (2001).
_ _Apd,

2pLV?
(32)
Where the characteristic dimension or equivalent diameter of SAH duct is
given by:
2IH

(R
(33)
The Reynolds Number Re is calculated by :

Re= 2Vt
Y7,

(34)

For the laminar flow, Re<2300 and the coefficient of friction f is
calculated by :

f=16Re

(39)

Otherwise the coefficient of friction for the turbulent flow in SAH is
calculated from Blasius equation which is :

a
f—OOAFD ~
(36)
The pump work W; is defined as follow :

W:m%m

(37)
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Energy and exergy analysis:

The following assumption have been made in this study

Q) Steady state, steady flow operation

(i) Negligible potential and kinetic energy effects and no chemical

and nuclear reaction

(iii)  Airis and ideal gas with a constant specific heat and its humidity

content is ignored.

Exergy is defined as the maximum amount of work which can be
produced by a system. For real processes, there are still a difference between
the exergy input and the exergy output due to irreversibilities.

The exergy flows in the collectors are illustrated in the following Figure
3.

Xout

Fig .3. Exergy flow in the collectors

An exergy balance for collectors C; and C; can be writing as:

EXsoIar
(38)
The exergy destruction or the irreversibility may be expressed as follow
(Ucar et al. 2006)

I. = EXdest =Tas.gen
(39)

Due to the fact that the process is irreversible, the exergy destruction is I is
greater than zero.

Exin = m[(hin - ha)_Ta (Sin —Sa )]
(40)

EXout = m[(hout —h, )_Ta (Sout —Sa )]
(41)

+Ey, +Ey, = Eyee + Exot + E

Xloss Xout Xdest
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The Petela (2008) expression for the available energy flux is used to
calculate the exergy of solar radiation.

4
. 4T, 1( T
By =1 AL 1-—2 42| =2
Xsolar TACI: 3TS B(TSJ ]

(42)
For other components, the following relationships are available
EXW = mAp
P
(43)
- : . T, )
E)J(Ioss = (ch—loss + qu—loss {1_ T_} J=5,C
j
(44)
Where
i Nuk, A,
ch—loss = H (TJ _Ta)
(45)
qu—Ioss = gj@AC (Tj4 _Tsﬁy)
(46)

The useful exergy or exergy output rate “ Ex > can be expressed as

(47)

The actual exergy rate E,up delivered considering pressure drop of collector
fluid is (Gupta et al. 2009)

B¢
(48)

where

Edp T

(49)
and Eq.(48) becomes

(50)

V¥

Al

According to Kurbas et al. (2004) , the dimensionless exergy loss by
the system can be defined as
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== T

(51)

Based on the first law of thermodynamics, the thermal efficiency of
solar air heater is defined as:

_
" Al
(52)

The daily thermal energy efficiency is defined by the following expression
6 pm

[ e, (T, =Ty, )dt
77|da”y = o 6pm

A J 1t

6am

(52)

The exergy collection efficiency (7, ) based on the second
law of thermodynamics is defined as the ratio of useful exergy Ey,, to the
exergy of incident solar radiation.

E

XU, p

) A ITl//s
(53)

i

Exergy output rate and number of transfer units:
Taking into account the fact that h, , =h ., =h, . =h (Njomo et al.

2006) for the two collectors, the energy balance of the air flow of the two
collectors can be rewritten as:

Az
1 ck -
(54)

c,sf c, pf

Where Ti and Tj are the temperature of the matter which is above
and below the fluid flowing through the duct respectively.

The number of transfer units of the fluid is given by (Kurbas et al.
2007):

I‘IW
lcrExisc lli o
(55)
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Setting
X =2

L
(56)
Eq. (54) becomes

a .
ST

(57)
Solving Eq.(57) with the following boundary conditions:

AtX =0,T, =T;, and at X=1,T, =T, , one gets,
(58)
(59)
_|_
EeéE—T il
T
(60)

(61)

The daily exergy output rate for some value of Number of transfer
units is obtained by integrating the expression (61) from 6 a.m to 6 p.m.

Evaluation of the heat transfer coefficients:
For the collectors C;-C,, the wind transfer coefficient h, ;. over the

selective absorber and the transparent cover is calculated using the
relationship

hc "= Nuka
, LS
(62)

In the above equation, the Nusselt number N_ is given for rectangular
plates as Sparrow et al. [26]
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N, =0.86Re 2 Pr/?

(63)
Where
Re = Vals
Va
(64)

The Reynolds number cover the range
2x10* <Re <9x10°
(65)
The following equation gives the convective heat transfer coefficient

h.s and h,  between the hot fluid and the walls of the air channel:
hc,pf = hc,sf = NUKa

dh
(66)

To evaluate the Nusselt number, the following correlations for air, for
fully developed turbulent flow (if length to equivalent diameter ratio exceeds
30) with one side heated and the other side insulated is appropriate:

h, .d
Nu === =0.0158(Re)”’
(67)

If the flow is laminar then following correlation by Mercer from
Duffie et al. (1980) for the case of parallel smooth plates with constant
temperature on one plate and other plate insulated is appropriate:

05
d,
h g 0.0606[Rex pr LJ

Nu = % =49+ 2
: 1+ 0.0909(Rex prdL:] (pr)™”
(68)
The Reynolds number here is given by
Re = md,
CH g
(69)

The radiative heat transfer coefficient h ,and h_ between the

selective absorber and the transparent cover and the sky are given by (Duffie
et al. 1980, Njomo 2000):
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h o — 510(T14 _Tsﬁy)

@) T

The sky temperature used in this work is:
Ty =T,—6
(71)
The radiative heat transfer coefficient h between the selective

r,ps
absorber and the back plate both consider as parallel plates is calculated as
follow (Njomo 2000):

h = gppc;(Ts2 +Tp2)(Ts —Tp)

r,ps

(72)
where
2
Epp = g_ -1

p
The radiation heat transfer coefficients, h

and plastic cover, and h. . between absorber and sky, are evaluated by

taking into account that the cover is partially transparent to IR radiation;
therefore one can write (Njomo et al. 2006):

~ SpG[T; (1—pc)—gcTc4}
e (1_pp'OC)(Tp _TC)

between absorber plate

r,pc

r,pa

(73)
and
W rirgpa(Tp4 —Tsﬁy)
e T,-T,
(74)

The effective product transmittance-absorptance (zer) of collector
C, can be evaluated by using the following equation:

= @y; T

(75)

Numerical simulations:

In order to evaluate the daily exergy efficiency for some values of
mass flow rate per unit area of the collector (G), the daily energy output rate
and the daily exergy output rate for some value of Number of transfer units
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(NTU), numerical calculations have been carried out for a collector
configuration, system properties and operating conditions. The means hourly
values of global solar radiation and ambient air temperature in May at
Garoua (920 N; 13°23  E) in Cameroon are used.

Since radiation heat coefficients and convective heat transfer
coefficients between the flowing hot fluid and channel walls are non-linear
functions of the temperatures of the collector and the mass flow rate
respectively, to overcome this issue, first initial values of T, T,, T, are

assumed according to inlet temperature of air and various heat transfer
coefficients are calculated; and new values of those temperatures are
calculated. If the calculated new values temperatures are different than the
previously assumed values then the iteration is repeated with these new
values till the absolute differences of new value and previous value of
temperatures are less than or equal to 0.001. The temperature difference is
calculated using EQs.(17)-(19). The daily exergy output rate for some values
of Number of transfer units (NTU) is performed using Eg.(61) and the
exergy output is obtained from Eq.(50). In order to obtain the results
numerically, codes are developed in Matlab-7.0 .

Results and discussion:

The Fig.4 presents the variations of temperature difference with
incident radiation for collector C; and C,. This plot of temperature versus
insulation gives us an opportunity to estimate the fluid temperature for any
time of the day with the help of available meteorological data of the Garoua
region. The highest difference temperature (33.06°K) occurs in the first
collector at 12:30 for G=0.02kg/m?%.s, H=2cm and Tfi=Ta. At the same time,
we found a difference temperature of 21.36°K in the second collector
considering the same operating conditions.

1200
O§ —+— Caollector C1
© & —+— Collector C2
1000 3
o]
Q =
=
800
o ¥ <
4* 2
o] ** o
o o ERlC
o + 2
o * =
o o 5 400
o 2
+* -
o] *
OOO + < Collector C1 200
o * +  Collector C2
200 400 B00 800 1000 . H éH 10}1130 13IH 15|:|3U 18H

Instantaneous solar radiation (w f s™)

Fig. 4: Variation of instantaneous solar
radiation and temperature difference

Hour

Fig. 5: Variation of the daily energy

output rate with time
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Energy efficiency (%)

The Fig.5 presents the variations of the energy output rate with time
along the whole day. The maximum energy output rate for collector C; and
collector C, are determined as 1086.10 w and 480.17 w respectively. The
Fig. 6 presents the effect of the mass flow rate on the energy efficiency for
the two collectors. We observe that the energy efficiency of the collectors
increases with increasing mass flow rate G. This can be explained by the
rapid enhancement of the internal thermal convective exchanges in the
collectors added to the slight variation of the overall thermal losses. In
general the collector C; (USA) presents the best heat performance on the
collector C,. The influence of the mass flow per unit area G on the exergy
collection efficiency based on the second law of thermodynamics is

presented in Fig .7.

This figure shows that the exergy efficiency doesn’t increases
monotonically with G. In fact, for low inlet temperature the exergy
efficiency first increases and reaches its maximum value and then after that it
decreases with mass flow rate in the laminar flow regime (Re<2300); the
exergy collection efficiency also decreases in the turbulent flow regime

(Re>2300).
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Based on the meteorological conditions and the configuration system
of the collectors, we drew in Fig.8 the variation of the exergy efficiency
() versus (T, —T)/It for G=0.01kg/m®s and we observe that the 7,

increases with (T, —T;)/It. The Figs. (9-10) shows the variations of the

exergy output rate with time for three values of solar air heater duct depth
(H=2cm; H=3cm and H=5cm). The exergy output rate of collectors C; and
C, increases with the solar air heater duct depth. At the noon, the exergy
output rate of the first collector is 45.12 w while the second presents the
value 9.01w for H=2cm. One can notice once more that the highest Exu
value is obtained by SAH with selective absorber. Figs.(11-12) presents the
variations of the exergy output with the time for four values of number of

[=1
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5 —+ HeGem pe y | mets
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Fig.10: Variation of the daily exergy
output rate for collector C2

Fig.11: Variation of the daily exergy output
rate for some values of NTU: Collector C1
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Figl2: Variation of the daily exergy output rate
For some values of NTU: Collector C2

Fig.13: Variation of the dimensionless
exergy loss versus time

transfer units (NTU=0.5; NTU=1; NTU=1.8; NTU=2.5). It is clear from
these figures that the exergy output rate increases with the NTU for
collectors C; and C,. This situation can be explained by the fact that by
maintaining the mass flow rate per unit area G, the collector area A. and the
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specific heat constant, when the NTU increases, the convective heat transfer
coefficient also increases and the consequence is the improvement of the
exergy output rate. Finally, we have observed that for NTU higher than 1.8,
the Exu increases weakly and becomes constant for NTU greater than 2.5.
The last figure gives the representation of the dimensionless exergy loss with
time between 10:30 to 15:30. It is clear from that figure the lowest exergy
loss occurs in the unglazed selective absorber. At noon for example, the
exergy loss through collector C; and C; is 1.48% and 3.02 % respectively for
H=2cm and G=0.02kg/m?.s.

Conclusion

Theoretical investigations of the thermal performance of the unglazed
collector and the collector with Plexiglas as cover have been carried out.
From the analysis, it mainly comes out that the collector C; presents the
highest exergetic heat performance and for NTU higher than 1.8, the exergy
output rate increases weakly and becomes constant for NTU greater than 2.5.
In the turbulent flow regime the exergy output rate decreases when the mass
flow rate per unit area increases and the highest exergy loss occurred in the
collector C; (3.02%). A high exergy ratio between the two collectors has also
been observed.

This study is important for the designed and the implementation of
these systems for some heating and drying applications.
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