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Exergy Based Performance Analysis of Double Flow
Solar Air Heater with Corrugated Absorber
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Abstract—This paper presents the performance, based on exergy
analysis of double flow solar air heaters with corrugated and flat plate
absorber. A mathematical model of double flow solar air heater based
on energy balance equations has been presented and the results
obtained have been compared with that of a conventional flat-plate
solar air heater. The double flow corrugated absorber solar air heater
performs thermally better than the flat plate double flow and
conventional flat-plate solar air heater under same operating
conditions. However, the corrugated absorber leads to higher pressure
drop thereby increasing pumping power. The results revealed that the
energy and exergy efficiencies of double flow corrugated absorber
solar air heater is much higher than conventional solar air heater with
the concept involving of increase in heat transfer surface area and
turbulence in air flow. The results indicate that the energy efficiency
increases, however, exergy efficiency decreases with increase in mass
flow rate.

Keywords—Corrugated absorber, double flow, exergy efficiency,
solar air heater.

NOMENCLATURE
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half height of v-groove (m)
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friction coefficient
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convective heat transfer coefficient (W/m2 K)
radiative heat transfer coefficient (W/m? K)
average height of air flow channel (m)
height of glass cover (m)

insolation (W/m?)

thermal conductivity (W/m K)
collector length (m)

thickness (m)

mass flow rate (kg/s)

Nusselt number

energy gain by air (W)
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specific entropy (J/kg/K)
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v velocity of air (m/s)
W collector width (m)
W  work rate or power (W)

Greek Symbols
a  absorptivity
£ emissivity
¢  fraction of mass flow rate
AP pressure drop (N/mz)
n  efficiency
Nexe €Xergy efficiency
W viscosity of air (Ns/m?)
p  density of air (kg/m®)
o Stefan-Boltzmann constant (W/m* K*)
T transmissivity
Y specific exergy (J/kg)
6  angle of v-groove absorbing plate (60°)

Subscripts

a  ambient
ap absorber plate

B bottom
bp  bottom plate
ch channel

dest destruction

en entrance

ex exit

f  total flow

f1 flow above the absorber plate
f2  flow under the absorber plate
gc glass cover

gcl lower glass cover

gc2 upper glass cover

ht heat
in inlet

L overall
m  mean

max maximum
min minimum

o outlet
T  top

u  useful
w  work

1. INTRODUCTION

OWADAYS, solar thermal systems are usually

recognized as one of the most effective methods to
exploit solar energy. Among various thermal systems, solar air
heaters are more popular for the use of air heating by using
solar energy because of its simplicity in design and economic.
It is best for low to moderate air temperature applications such
as space heating, agriculture products drying, timber seasoning
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and many more. Generally the efficiency of solar air heater is
low due to low thermal capacity of air and low heat transfer
coefficient between absorber to flowing air [1]. To improve
the efficiency, many researchers developed various design
such as honeycomb collector, packing of air duct, extended
surface absorber, artificial roughness on absorber. The use of
corrugated absorber in place of flat plate absorber increases
the heat transfer surface area as well as turbulence in the
flowing fluid which increase the heat transfer to flowing air
[2].

The first law of thermodynamics analysis is based on
energy balance method. However, second law of
thermodynamics involves the reversibility or irreversibility
process which is very important for exergy analysis of an
energy system. The exergy analysis is an effective method for
designing and performance evaluation of energy systems [3].

A mathematical model has been developed by Abhishek et
al. [4] to investigate the energy and exergy performance of
wavy fin solar air heater for the evaluation of the effect of
various complex geometries of wavy fin. Sahu and Prasad [5]
analytically investigated the exergetic performance of arc
shaped wire rib roughened absorber solar air heater and found
that the 56% enhancement in exergetic efficiency to the
smooth plate absorber solar air heater for the relative
roughness height (e/d) of 0.0422. The exergetic analysis and
optimization for different parameters of double pass
corrugated absorber solar air heater have been studied by
Mahdi et al. [6]. The effect of depth, length, fin shape and
Reynolds number have been studied by Bahrehmand et al. [7]
for the energy and exergy analysis of single and two glass
cover solar air collector. The study showed that the system
with fin and thin metal sheet are more efficient than other
systems. The energy and exergy analysis of five solar air
heaters with different configuration have been experimentally
investigated by Huseyin [8] and reported that heat transfer
coefficient and pressure drop increases with shape of absorber
surface. Lalji et al. [9] carried out exergy analysis of a packed
bed solar air heater and correlations have been developed for
friction factor and heat transfer coefficient. Gupta and Kaushik
[10] studied the energy, effective and exergy performance of
different types of roughened absorber solar air heater. Hikmet
[11] experimentally investigated the energy and exergy

Absorber plate

performance of a novel design flat plate air collector with and
without obstacles. Author found that the double flow collector
having obstacles gives better performance than without
obstacles. Akpinar and Kocyigit [3] performed experimental
analysis for a flat plate solar air heater having several
obstacles and no obstacles, for the mass flow rate of 0.0074
and 0.0052 kg/s. The first law and second law of efficiencies
were obtained 20% to 82% and 8.32% to 44.00% respectively.
Salwa et al. [12] proposed a packed bed solar air heater with
PCM spherical capsules as packing material. They obtained
experimentally energy efficiency 32% to 45% and exergy
efficiency 13% to 25% using first and second laws of
thermodynamics.

This paper presents mathematical models to investigate
energy and exergy performance of double flow flat plate and
corrugated absorber solar air heaters. Three types of solar air
heaters have been considered; AH-1 has double flow
corrugated absorber plate, AH-2 has double flow flat plate
absorber, and AH-3 has conventional solar air heater.

II. THEORETICAL ANALYSIS

Fig. 1 shows the schematic diagram of double flow solar air
heater with two glass cover. The double flow solar air heaters
with corrugated absorber (AH-1) and flat plate absorber (AH-
2) are shown in Figs. 1 (a) and (b) respectively. The present
work is based on theoretical analysis and the energy balance
equations are made under the following assumptions:

e Air temperature variation is the functions of the flow
directions only.

e  Temperature drop across the glass cover, absorber plate
and bottom plate is negligible.

e The systems operate under quasi steady state.

e  Glass covers and flowing air do not absorb radiant energy.

A.Energy Balance Equations

The energy balance equations for the element length of dx
can be written as:
e For the lower glass cover (cover 1),

hr,ap—gcl (Tap - Tgcl)de + hc,fl—gcl (Tfl - Tgcl)de =
Ugcl—a(Tgcl - Ta)WdX (1)
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Fig. 1 The schematic diagram of double flow solar air heater with corrugated absorber and flat plate absorber

e For the absorbing plate,

lag,t2Wdx = Up(Ty, — Ty)Wdx + Ug(Typ — T,)Wdx +
heap-r1(Tap — T )Wdx + hegppo(Tap — Tra)Wdx— (2)

e  For the bottom plate,

hr,ap—bp (Tap - pr)de + hC,fZ—bp (sz - pr)de =
Upp—a(Top — To)Wdx €)

e For flow 1 (air flowing over the absorbing plate),

hc,ap—fl (Tap - Tfl)de = m(pdeTf1 + hc,fl—gcl(Tfl -
Tyer )Wdx 4

e For flow 2 (air flowing under the absorbing plate),

heap-r2(Tap — Tra)Wdx = m(1 — @)cpdTys + he paip (Tr2 —
Tpp)Wdx (5)

Solving (1)-(5) with the boundary condition: at, { = % =0,
Tfl = sz = Tf,in-

We obtain the temperature distributions of flow 1 and flow
2 as

Ms Ms
i1 Yy 2-1-¢ Yy
Ty, = [}—3*"] Cez’ + [%] C,ez’

1-¢) 1-¢)
Mg (M3My—M1 M, M
__S(M)__ﬁ_yra (6)
My \M;Ms—MyM, My

M3My—M1 Mg

The outlet temperature of flow 1, can be obtained from (6),
for, ( = 1, Tfl = Tfl,o

M M
Y —— Yy Yo—1-o Y2 Mg (M3My—MiM
— 1-¢ - 1-¢ - 5 3My 1Me
Tm_[—m ]Clez +[ = ]Czez — e (Mataate) _

My \M1Ms5—M;M,

—+T, ®)

The outlet temperature of flow 2, can be obtained from (7),
for,{ =1, T = Tppp

M3My—M1 Mg
MyM5—M;M,

161 Y
TfZ,O = Cle z + Cze zZ + + Ta (9)

where z =% and Y’s and C’s are in the terms of the
c

convective heat transfer coefficient, loss coefficients and
physical properties [13]. The total thermal energy gain is

Quf = Qufl + Qufz (10)
where,
Qurr = mpcy(Trio — Trin) (11)
and
Qufz = m(l - (P)Cp(TfZ,o - Tf,in) (12)
The energy efficiency can be calculated by
mc z
=T (Tro = Trin) = TAT (13)

B. Heat Transfer Coefficients

161 Ya
Ty, = Cye 28+ Cezt + M Me—MoM, T, @) An empirical equatior.l, derived b}{ K?ein [14], is used to
calculate top loss coefficient, Ur, and is given by
-1

2(Tap,m/520) 1

Ur = : +—

T (Tapm—Ta) 043(1-100/Tap,m) = h,,

2+(1+0.089hyy—0.1166hyeap ) (1+0.07866x2)

0(Tapm+Ta)(Tdpm+TE)

[(sap+2><0.00591hw)_1+{2><2+(1+0.089hw—0.1166hwsap)(1+0.07866><2)—1+O.133sap}/£gc—2]

The convective heat transfer coefficient from the outer glass

(14
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by McAdams [15].
Regea—a = 5.7 + 3.8V (15)

The heat transfer coefficient between two glass covers,
inner glass cover (gcl) and outer glass cover (gc2) is given by
Hottel and Woertz [16] as

0.25
hc,gcl—gcz = 1-25(Tgc1,m - Tgcz,m) (16)

The convective heat transfer coefficient between the
absorber plate and flow 1 is assumed to be equal to the
convective heat transfer coefficient between flow 1 and glass
cover 1, and the convective heat transfer coefficient between
the absorber plate and flow 2 is assumed to be equal to the
convective heat transfer coefficient between flow 2 and
bottom plate.

hc,ap—fl = hc,fl—gcl (17)

and,
hc,up—fz = hc,fz—bp (18)

The radiative heat transfer coefficients between the absorber
plate to inner glass cover and bottom plate are expressed as,

40T}
~ fim
hr,ap—gc1 ~L+ 1 (19)
€ap £gc1
and
3
40T,
~ fzm
hr,ap—bp 1,1 (20)
€ap Ebp

The radiative heat transfer coefficients between both glass
covers and upper glass cover to air are respectively,

2 2
h _ 0(Tge1,m*Tgc2,m)(Tger,m+Tge2,m) 21
r.gcl—-gc2 = T T 21
€gc1 €gc2

and
hr,gcz—a = echG(T;cz,m + Taz)(Tgcz,m + Ta) (22)

For AH-1 solar air heater (i.e. corrugated absorber), the
absorber plate surface area is increased by a factor of
1/sin{8/2) compared to the AH-2 solar air heater (i.e. flat
plate absorber) [17]; hence, the heat transfer coefficient
between absorber plate to flowing air is

_ ey
cap=f = Dp sin(g)

h (23)

Karim et al. [17] modified the Hollands and Shewen [18]
correlation of Nusselts number (Nu) as:

If Re < 2800 Nu = 2.821 + 0.126 Re == (24)

If 2800 < Re < 10* Nu = 1.9 x 107 %Re’7? + 225% (25)

If 10* < Re < 10° Nu = 0.0302Re®”* + 0.242Re®7* 22(26)

For AH-2 solar air heater (i.e. flat plate absorber), the
convective heat transfer coefficient between absorber plate
and flowing air is

Nuk
hc,ap—f = th 27)
For laminar flow [19],
_ 0.00398(0.7ReDj, /)16
Nu =44+ 1+0.0114(0.7ReDp, /L) 112 (28)
For turbulent flow [20],
Nu = 0.0158Re®8[1 + (D,,/L)°7] (29)

For the conventional solar air heater, the calculation
procedure of collector efficiency is much simpler than for
double flow solar air heater, and not described here.

C.Mean Temperature

The mean air temperatures in the ducts can be found by
integrating (6) and (7) from (=0 to (=1, and the
expressions are

Ms
z Ya_ Y2—1o z (Ya_
Cryre'? DJF[%]CzY—e(z R
* [emm) 2

+T, (30)

M
Y ——2
Trim = |[—2
fim — My
(1-¢)
Ms (M3M4‘M1M6) _Ms
My \M1Ms—M;My My

M3M4—M1 Mg
My Mg—MMy

Y Y:
Trom = 61%6(71‘” + 62%6(72_1) + +T, (1)

The mean absorbing plate temperature can be calculated by

T _ Iaapréc+ULTa"'hc,aIJ—flTfl.m"'hc.ap—szfZ,m (32)
apm —
P UL+hc,ap—f1+hc,ap—f2

The mean temperature of glass cover gcl is calculated by

Ugci-aTathrap—gciTapmthc,f1-gc1Tr1,
Tgc1,m= g p—g D, cfi-geil fim (33)

Ugcl—a"'hr,ap—gcl+hc,f1—gcl
The mean temperature of glass cover gc2 is calculated by

h, - +h - T, +hyT,
Tgcz,m — ( cgci—gc2thrgel gcz) gcimtiwlia (34)

hege1-ge2thrge1—gez+hw
D.Pressure Drop
The pressure drop AP is calculated from

AP = AP, + AP, + AP, 35)

The pressure drop through the upper and lower channel
AP, is calculated by [21];
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APy = 2pv2, fL/ Dpy (36)

The sum of the inlet and outlet pressure drop (AP, + AP,,)
can be determined by Hegazy [22];

2
PVp
2

AP, + AP, = (Rfen + Rfex) (37)

where the sum of the entrance and exit resistance factor
(Rfon + Rf.y) is taken 1.5 [23].

E. Exergy Analysis

The general exergy balance equation can be expressed in
rate form as [3]

2 Exgest = X Exin — X Ex, (38)
Equation (38) can be written as
Exgest = Expe — Ex,, + Ex;, — Ex, 39)

The rate form of the general exergy balance equation can
also be written as:

T, .
Exgese =X (1=15) @ =W + Zmyn ¥y = Zmy¥,  (40)

where,
llJin = (hm - he) - Te(Sin - Se) (41)

and
l'I',o = (ho - he) - Te(So - Se) (42)

On substitution of (41) and (42) in (40):
Te
EXgest = ( - ;S) Qs - m[(ho - hin) -T, (So - Sin)] (43)

where,
Qs = IaapT;cAc 44)

The change in enthalpy and entropy is given as:

AR = hy = hiy = Cp(Ty o — Trin) (45)
—¢ _¢o — Tro _ pp, Po
AS =S, —Sin = Cyln - Rin ™ (46)

By substituting (44)-(46) into (43), we have

EXgest = (1 - %) lag,TiAc — me(Tfﬁ - Tf,in) +

mC,T,ln -~ ° —m RTeln% (47)

fin
The exergy efficiency (7,,.) can be calculated as,

Ex Mm(Ah—TpAS)
Nexe = o = o (48)

Exin  (1-78)Qs

F. Calculation Procedure for Energy Efficiency and Exergy
Efficiency

For the numerical calculation of energy and exergy
efficiencies a program in C™" language have been developed
considering the following system and operating parameters:

L=125m,W = 0.80m, H; = 0.025 m, Hp;, = 0.025 m,
Hpay = 0.0375m, 7, = 0.875, ag, = 0.96 , g5 = 0.94,
gqp = 0.80, &y, = 0.94, Ug = 0, T, = 30°C = 303K,

V =1m/s,b=0.00625m,I = 1000 W/m? m = 0.014 —
0.083 kg/s, @ =0.5.

The procedure for calculation of thermal and exergy
efficiencies are, first using guess temperature the heat transfer
coefficients has been calculated from (14)-(29) then new
temperatures are obtained by using (30)-(34). If the calculated
values of temperature are different from the assumed values
continued calculation by iteration method, these new
temperatures will be used as the guessed temperatures for next
iteration, and the process will be repeated until all the newest
temperatures obtained are their respective previous valuesand
their respective previous values were less than 0.001. Using
(13) energy efficiency is calculated. Further pressure drop has
been estimated using (35). The change in enthalpy and
entropy has been calculated by using (45) and (46)
respectively, then exergy efficiency has been calculated by
using (48).

III. RESULTS AND DISCUSSION

In this section, results of energy and exergy performance of
double flow corrugated plate and flat plate absorber solar air
heaters are presented.

50

1 —— AH-1
7 — —AH-2
0] <+« AH-3
— ] \ ¢=05
O 55 \ T, =303K
[} 1 _ 2
8 ] \ I'=1000 W/m
[}
g ]
5 254
o
Q.
£ 20
2 .
£ 154 T .
10 4
5 T T T T T T

. . — T .
001 002 003 004 005 006 007 008 0.09
Mass flow rate (kg/s)

Fig. 2 Air temperature rise vs. mass flow rate

Fig. 2 shows the variation of air temperature rise for double
flow corrugated plate (AH-1), flat plate (AH-2) and
conventional (AH-3) solar air heaters with mass flow rate for
¢ = 0.5 (i.e. at equal mass flow rate through both channels). It
can be seen from the figure that the air temperature rise
decreases with increase in mass flow rate. The air temperature
rise through double flow solar air heater has higher value than
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the conventional solar air heater at lower mass flow rate,
because of increase in heat transfer surface area. The surface
area becomes double in double flow arrangement with respect
to single flow. It is also observed that at higher mass flow rate
air temperature rise of AH-1 and AH-2 is almost equal. The
maximum value of air temperature rise is 45.3 °C for AH-1
collector at m = 0.014 kg/s.

800

700

600

=
£ 500 L.
[} L.
o L
3 e ——AH-1
T 400 . AH2
e - - -AH3
300 .o 9=05
. I = 1000 W/m®

200 +————+—7—+—7——1——7— .
001 002 003 004 005 006 007 008 009

Mass flow rate (kg/s)

Fig. 3 Heat gain vs. mass flow rate

Fig. 3 shows the plot of heat gain as a function of mass flow
rate. Heat gain continuously increases with increase in mass
flow rate for all collectors; this is due to increase in heat
transfer rate. The double flow corrugated absorber solar air
heater has the highest value of heat gain throughout the mass
flow rate investigated. The minimum and maximum heat gain
by AH-1 collector is 638.24 W and 784.75 W for the mass
flow rate of 0.014 kg/s and 0.083 kg/s respectively.

80
70
3 60
>
[}
=
2 504 R
5 .-
3 R
s 7 LT —— AH-1
w Lo - — AH-2
30 - - -« AH-3
L ¢=05
. I = 1000 W/m’
20 L

—T — T T T
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Mass flow rate (kg/s)

Fig. 4 Energy efficiency vs. mass flow rate

Fig. 4 illustrates the variation of energy efficiency with
mass flow rate. It is observed from the figure that the double
flow solar air heaters (AH-1 and AH-2) have much higher
efficiency than the conventional (AH-3) solar air heater. It is
also observed that in double flow collectors, corrugated
absorber have higher efficiency than flat plate absorber. The
reason behind this is increase in heat transfer surface area and

turbulence in air flow which leads to increase convective heat
transfer rate. The percentage enhancement in energy
efficiency of AH-1 collector is found to be 19.34% over AH-2
collector and 1.6 times over AH-3 collector at m = 0.014 kg/s.

50

Change in enthalpy (ah) |
AH-1
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AH-3 - 0.12
Change in entropy (AS)
=-- AH-1
— — AH-2
- - - AH-3

0.14

45 \

404
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254
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Change in enthalpy (kJ/kg)
Change in entropy (kJ/kg.K)

- 0.04

T T T T T T 0.02
001 002 003 004 005 006 007 008 009

Mass flow rate (kg/s)

Fig. 5 Change in entropy and enthalpy vs. mass flow rate

The change in enthalpy (Ah) and entropy (AS) with respect
to mass flow rate is shown in Fig. 5. The figure reveals that, as
mass flow rate increases, Ah and AS decrease due to
irreversibility. The AH-1 collector has highest value of Ah and
AS for entire mass flow rate. The calculation of Ah is based on
specific heat capacity and temperature of air at inlet and outlet,
whereas AS is calculated based on the temperature and
pressure drop. The maximum values of Ah and AS for AH-1 is
45.58 kJ/kg and 0.14 kJ/kg.K, for AH-2 is 38.17 kJ/kg and
0.11 kJ/kg K, for AH-3 is 17.31 klJ/kg and 0.05 kJ/kg.K
respectively for the mass flow rate of 0.014 kg/s.
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Fig. 6 Exergy efficiency vs. mass flow rate

Fig. 6 presents the effect of mass flow rate on exergy
efficiency for double flow corrugated, flat plate and
conventional solar air heaters at I = 1000 W/m”. The exergy
efficiency decreases with increase in mass flow rate and it is
negative at higher mass flow rate (i.e. m > 0.035 kg/s for AH-
3 and m > 0.072 kg/s for Ah-1 and AH-2). It can be observed
that double flow corrugated and flat plate leads to exergy
efficiency increase compared to conventional solar air heater.
It is also observed from the figure that corrugated plate
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collector is more efficient at lower mass flow rate and
enhancement in exergy efficiency decreases with increase in
mass flow rate, due to decrease in outlet temperature of air at
higher mass flow rate.

IV. CONCLUSIONS

On the basis of above results the following conclusions are

drawn:

i

ii.

iii.

iv.

(8]

The mathematical model has been developed for double
flow solar air heaters having corrugated and flat plat
absorber, to study the effect of mass flow rate on energy
and exergy performance of collector.

A computer program in C" language has been developed
to solve the mathematical model and the results are
obtained for air temperature rise, heat gain, energy
efficiency, pressure drop, change in enthalpy, change in
entropy and exergy efficiency to analyze the effect of
system and operating parameters.

It is observed that heat gain and energy efficiency
increases, however, air temperature rise, change in
enthalpy, change in entropy and exergy efficiency
decrease with increase in mass flow rate.

Double flow solar air heaters perform better than
conventional solar air heaters. However, double flow
corrugated absorber solar air heater has the best energy
and exergy performance.

The exergy efficiency decreases with increase in mass
flow rate, due to decrease in outlet temperature of air at
higher mass flow rate. At higher mass flow rate i.e. m >
0.035 kg/s for conventional solar air heater and m > 0.072
kg/s for double flow corrugated and flat plate solar air
heaters, the exergy efficiency become negative.
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