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Abstract — This paper presents the analytical investigation of the double flow flat plate and corrugated absorber
solar air heaters having different configurations of flow channels. The energy balance equations are analytically
derived and solved by developing a computer program in C** language in order to analyze the effect of system
configurations and operating parameters on energy and exergy performance. The results of different configurations
of double flow corrugated absorber solar air heaters have been compared with double flow flat plate absorber solar
air heater and it indicates that the corrugated absorber solar air heaters (SA-1, SA-2 and SA-3) have much higher
efficiency than the flat plate solar air heater (SA-4). It is found that the maximum enhancement in energy efficiency of
SA-1 solar air heater is 7.20% for the mass flow rate of 0.035 kg/s. It is also observed that the exergy efficiency
become negative at higher mass flow rate (i.e. m > 0.072 kg/s) for all types of solar air heater. The results also show
that increasing the solar intensity leads to achieve higher air temperature rise and efficiencies.

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

1. INTRODUCTION

Solar energy is one of the renewable source of energy
which is convenient, sustainable, abundant and clean. Its
main application is in thermal energy utilization system
like solar water heater, air heater, cooker, pump, power
generation etc. Among various applications of solar
energy, air heating through the solar air heaters are very
simple and economic. Solar air heaters are mainly used
for low to medium grade thermal energy, like space
heating, cooling, crop drying etc. Even though it is
simple in design, low maintenance and operating cost,
its efficiency is low due to poor thermophysical
properties of air. To improve the performance of solar
air heaters several designs are developed by many
researchers. Such design includes honeycomb collectors,
extended surface absorber, use of artificial roughness on
the absorber plate, packing of porous material in air flow
channel. One of the effective ways to improve the
convective heat transfer rate is to increase the heat
transfer surface area and to increase turbulence inside
the channel by using fin or corrugated surfaces [1].

The energy balance method is associated with the
first law of thermodynamics which is used to analyze the
thermal and thermohydraulic efficiencies of an energy
system. However, analysis based on the second law of
thermodynamics implies reversibility or irreversibility
process of an energy system. The exergy analysis
involves both the first and second laws of
thermodynamics, it is very important tool for design,
optimization and performance evaluation of a system.

Recently, several researchers have undertaken
many studies covering thermodynamic analysis of solar
air heaters. Energy and exergy efficiency experimentally
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evaluated for a solar air heater with paraffin wax as
thermal energy storage and found average energy
efficiency 40.4% and exergy efficiency 4.2% [2].
Hossein et al. [3] developed an exergetic optimization of
the solar air heater. The exergy efficiency has been
compared with the thermal efficiency of air heater and
found extraordinary increase in exergy efficiency
according to the optimized parameters. An experimental
investigation of five different air collector with
staggered fins attached below the absorber plate has
been conducted and present the exergy relations for all
collectors and also found that the largest irreversibility
occurred at conventional solar collector [4]. The energy
and exergy analysis of a flat plate solar air heater with
different obstacles and without obstacles have been
presented and concluded that double flow collector with
obstacles is better than that without obstacles [5]. By
using the second law of thermodynamics, the optimum
mass flow rate for maximum exergy efficiency of a flat
plate collector is 0.0011 kg/s for testing conditions [6].
A comparative study has been presented for various
types of artificial roughness geometries on the absorber
plate of solar air heater and evaluates the performance in
terms of energy, effective and exergy efficiency [7]. The
first and second laws efficiency of flat plate solar air
heaters have several obstacles on absorber plate and
without obstacles has been investigated for two mass
flow rates 0.0074 kg/s and 0.0052 kg/s and obtained the
first law efficiency 20% to 82% and second law
efficiency 8.32% to 44.00% [8]. Lalji, Sarviya and
Bhagoria [9] developed correlations for heat transfer
coefficient and friction factor for packed bed solar air
heater and also they have done exergy analysis. The
experiment performed on the five types of solar air
heaters with porous baffles insert and compared the
energy and exergy efficiencies with each other for mass
flow rates of 0.016 kg/s and 0.025 kg/s. The results
showed that higher efficiency for mass flow rate of
0.025 kg/s with aluminium foam of 6 mm thickness [10].
The efficiency and exergy analysis of five different
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types of air solar collectors have been experimentally
investigated and reported that heat transfer coefficient
and pressure drop increases with shape of absorber
surface [11]. A packed bed solar air heater with PCM
spherical capsules as packing material proposed used
first and second laws of thermodynamics to obtain the
energy and exergy efficiency for optimization and found

energy efficiency 32% to 45% and exergy efficiency 13%

to 25% [12]. The effect of depth, length, fin shape and
Reynolds number studied 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 [13]. A
mathematical model has been developed 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 [14]. Exergetic performance
evaluation of solar air heater with arc shaped wire rib
roughened absorber plates have been investigated
analytically by Mukesh and Radha [15] and found the
maximum enhancement in exergetic efficiency as
compared to smooth absorber solar air heater is 56% at
relative roughness height (e/d) = 0.0422. The exergetic
studied based on exergy loss of a double pass/glazed v-
corrugated plate solar air heater and optimized exergy
efficiency for different parameters of distance between
two glass covers, height of v-corrugations, area of the
heater and total mass flow rate [16]. Energy and exergy
analysis of a flat plate solar air heater having copper
tubes with extended copper fins as absorber have been
investigated experimentally and found maximum energy
and exergy efficiency 49.4% to 59.2% and 18.25% to
35.53%, respectively, and also observed that solar air
heater with sensible heat storage have better than the
conventional flat plate solar air heater without storage
[17]. El-Sebaii et al. [18] investigated the performance
of double pass flat and v-corrugated solar air heaters and
found that the double pass v-corrugated have 11-14%
more efficient than double pass flat plate heater. Karim
and Hawlader [19] performed the effects of operating
variables on the thermal performance of v-groove solar
air collector for drying applications. They used flow rate
range 0.01 to 0.054 kg/m?s and found that v-groove
collector have better thermal efficiency than a flat plate
collector of similar design and suggested 0.035 kg/m?s
flow rate for most drying purposes. Kabeel et al. [20]
investigated the performance of flat plate and v-
corrugated plate solar air heaters with phase change
material as thermal energy storage and they found that
the v-corrugated plate solar air heater have better
performance. A parametric study of cross corrugated
solar air collectors having wavelike absorbing plate and
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wavelike bottom plate crosswise position performed by
Wenxian et al. [21] and Wenfeng et al. [22] and found
that the cross corrugated collector have superior thermal
performance than that of the flat plate. Prashant and
Satyender [23] analytically investigated the thermal
performance of double pass flat and v-corrugated
absorber plate solar air heaters under recycle operation.
Based on simulation results they obtained the optimum
value of the recycle ratio, the mass flow rate, the
absorptivity and the emissivity at which the solar air
heaters yield the maximum value of the thermal
efficiency.

It is evident from the literature survey that various
investigators have investigated the energy and exergy
performance of flat plate, packed bed, artificial
roughened, obstacles on absorber, corrugated, fins and
baffles solar air heaters. In this paper two new type of
solar air heaters SA-1 and SA-2 are presented as shown
in Figures la and 1b, respectively which consist of
corrugated absorber plate, bottom plate and inner glass
cover, having different flow channel configurations, and
entirely different from previous papers. The SA-1 solar
air heater forms converging-diverging flow channels
above and under the absorber plate. This configuration
creates more turbulence in the flowing air in comparison
to those solar air heaters having only corrugated
absorber plate and enhances the heat transfer rate. The
aim of present investigation is to carry out the
performance evaluation based on energy and exergy of
the double flow flat plate and corrugated absorber solar
air heaters having different air flow configurations. The
influence of performance parameters such as mass flow
rate and insolation on energy, effective and exergy
efficiencies have been investigated.

The main characteristics of the solar air heater
considered in this study; heaters consist of double glass
cover to reduce the heat losses to the surrounding,
double flow in which air flows simultaneously above
and under the absorbing plate in the same direction,
which increases the heat transfer rate due to increase in
thermal conductance. Figure 1 shows the different
configuration of double flow corrugated and flat plate
absorber solar air heaters. SA-1 (Figure 1a) and SA-2
(Figure 1b) have corrugated absorber plate, bottom plate
and lower glass cover, having different configuration of
air flow channels. SA-1 have converging-diverging air
flow channel over and under the absorbing plate, which
creates more turbulence in flowing air and increases the
heat transfer rate. SA-3 has v-corrugated absorber with
flat bottom plate and glass cover (Figure 1c). SA-4 has
the flat plate absorber solar air heater (Figure 1d).
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Fig. 1. Different design of double flow type solar air heaters.
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Fig. 2. The schematic diagram of double flow solar air heater.
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The schematic diagram of double flow solar air heater is
shown in Figure 2. As seen in Figure 2, two air streams,
above and below the absorber plate flow 1 and flow 2
respectively of different flow rates but with total flow
rate remains constant. The energy balance equations
have been formulated under the following assumptions
[24]:

THEORETICAL ANALYSIS e  Steady state performance of solar air heater.

The temperatures of air varies only in the flow
directions.

There is no absorption of radiant energy by the
glass covers and air streams.

Temperature gradient does not exist along the
thickness of lower and upper glass covers,
absorbing plate and back plate.
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e The covers are opaque to infrared radiation.
e There is no heat generation.
e  Aspect ratio (W/H >> 1) is very large.

2.1. Energy Balance Equations

The energy balance equations for a differential element,
dx, at a distance x for glass cover, absorber plate, bottom
plate, flow 1 and flow 2 can be written as:

e Lower glass cover (C2)

hr,PlCZ (Tpy — Tex)Wdx + hc,FlCZ (Tpy — T )Wdx =
Ucza(Te; — T)Wdx (1)

e Absorber plate (P1)

lap TeiTeaWdx = Up(Tpy — T)Wdx + Up (Tpy —
TaWax+AcP1F17P1-7F1 Wdx+ /icP1F27P1—7F2
Wdx 2

e Bottom plate (P2)

hyp1p2 (Tpr — Tp)Wdx + hypopy (Trp — Tpp)Wdx =
Upzq(Tpy — Te)Wdx (3)

e Air flowing over the absorber plate (F1)

hepir1(Tpr — Te))Wdx = mre,dTey + hepica(Ter —
TC2 W @)

e Air flowing under the absorber plate (F2)

hepir2(Tpr — Te)Wdx = m(1 — 1), dTg, +
hepap2 (Trz — Tp2)Wd ®)

Solving Equations (1) — (3), we have:
Tpr = Tpr = =B1(Te1 = To) + By (Te, = To) + B3 (6)

Ter — Tez = Ba[(Uczq + Bihrpica) T — Ty) —
£2/4r,P1C27F2—7a—/7,P1C2 43

(7

Tpy = Tep = —Bs(Tp, — T,) + Bs(Tey —T,) + B3 (8)

Tpy = Tpp = B7[(UP2a + BShr,PlPZ)(TFZ —T,) —
£6/47,P1P27F1—7a— A3 /17,P1P2

Substituting Equation (6) and (7) into Equation (4),
yields:

Jrd(Te, — T,)
# =Gy (Tpy — Tp) + G (Tp, — T) + G

(10)

Substitution of Equation (8) and (9) into Equation
(5), we have:

J(1-1)d(TF2—-Tq)

70 = Gy(Tpy — Ty) + G5 (Tg, — Ty) + G

(11)

mc. mc
where, ] = —2 = —Pand ® = f
C
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The coefficients of Equations (6), (7), (8), and (9)
viz B’s and Equations (10) and (11) viz G’s (given in
Appendix A) are functions of the convective heat
transfer, loss coefficients and physical properties.

Solving Equations (10) and (11) with the boundary
condition:

At, ® = O, TFI = TFZ = TF,iTl

The temperature distributions of flow 1 and air
flow 2, respectively as:

Gs Gs
- A1 Ay — 7 4z
Ty, = 1 Gl—r Nle/q)+ 2 Gl r Nze/q)
4 4
a1-r 1-r
Gs (GG, — GG G,
__S(M)__ﬁ+7~a
Gy \G1Gs — GG/ Gy
(12)
My 2y GG, — GG
Ty, = Nie T & 4+ Nyel 4+ 22 14T
F2 1€ 2€ G,Gs — G,G, ' ®
(13)

The outlet temperature of flow 1 and flow 2, can be
obtained from Equations (12) and (13), respectively as

for, ® =1,Tp; = Tpy -
G
A~ 1 —Sr 4
TFl,o = G—4 Nle/ +
1-7)

AZ - 1G_5r Az
_— ]
Ca Nye
1-7
Gs (G3G4 - GIGG) Ge
Gy \G, G5 — GG,

+T,
G, “

(14)
for, ® =1,Tp, =Ty,

Ay 42 G3G, — G, Gg
Ty = Nie/ + Nye/ +m+Ta

(15)

For Ay, Ay, Ny and N, referred to Appendix A.

The useful energy gain by the flow 1 and flow 2
are, respectively:

Qry = mre, (TFl,o - TF,in) (16)
= JrA(Tr10 = Trin)

Qr, =m(1 — r)cp (TFZ,O - TF,in) 17)
=J(A = 1)A(Tez0 — Trin)

The total energy gain is

Qr = Qp1 + Qp (18)

The energy efficiency (1,,,) is:
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Q mc J
Mene = 71 = Tar (Tro = Trm) = ;AT (19)
2.2 Heat Transfer Coefficients

The equation for top loss coefficient, developed by
Klein [25], is used to calculate, U;.

The bottom loss coefficient, Ug, is given by:

11 1 s (20)

UB UPZa hc,FZPZ kins

The thermal resistance from inner glass cover
through outer glass cover to the ambient, may be
expressed as:

L1 1 21)
Ucza  hw+hecia hecacr + rcact

where the heat transfer coefficient between two glass
covers is expressed as [26]:

0.25
hc,CZCl = 1-25(Tcz,m - TCl,m) (22)
The wind induced convective heat transfer
coefficient from upper glass cover [27].
h, = 5.7 + 3.8V, (23)

where ¥, is wind speed.

By assuming mean radiant temperature equal to the
mean air temperature, the radiant heat transfer
coefficients between the air flow channel walls may be
expressed as:

40T m
hprco®1T—71 — (24)
—4+——1
€r1 &2
40T m
and  hypipy = T (25)
€pP1 €p2

The radiant heat transfer coefficients between the
two glass covers and upper glass cover to air are
respectively,

h _ 0(Téym + Téim) Tezm + Term)
1,C2C1 — 1 1 1 (26)

€2 €c1
and hr,Cla = SCIO-(TL‘Zl,m + Taz)(TCI,m + Ta) (27)
Assuming the heat transfer coefficients between

fluid and duct walls (absorbing plate and inner glass
cover or bottom plate) equal,

hepir1 = hepicz and he pipp = Repapr (28)

For SA-4 (flat plate absorber),

The convective heat transfer coefficient for laminar
flow are calculated by using a correlation presented by
Heaton et al. [28],

hep1irD 0.00398(0.7ReDp,/L)166
Ny =2ePiEPh — 4 g 4 h (29)
kp 1+0.0114(0.7ReDy /L)1-12

The correlation for convective heat transfer
coefficient of turbulent flow, derived from Kays [29]
data with the modification of McAdams [27],

Nu = 0.0158Re®8[1 + (D, /L)*7] (30)

For SA-3 collector,

For the corrugated plate solar air heater the energy
balance equations will same, the only difference is heat
transfer coefficient between absorber plate to flowing
fluid, because the developed surface area of the
corrugated plate is increased by a factor of 1/sin(6/2)
to the flat plate surface area [30] thus the heat transfer
coefficient between absorber to flowing fluid is

Nuk 1 31
hepir = £ x 0 (1)
' Dy, sin (7)

The correlation of Nusselts number is presented by
Karim et al. [30] on the basis of Hollands and Shewen
[31] as:

If Re < 2800
Nu = 2.821 + 0.126 ReZL—b (32)
If 2800 < Re < 10*
Nu = 1.9 x 10-6Rel79 + 2252L_b (33)
If 10* < Re < 10°
(34)

2b
Nu = 0.0302Re®7* +0.242Re"7* —

The correlation of Nusselts number for different
collectors are present by Huseyin [11]:

For SA-2 collector,
Nu = 0.0437Re07728 (35)
For SA-1 collector,

Nu = 0.5999Re419 (36)

2.3 Mean Temperatures

The average (mean) air temperatures in the ducts can be
expressed as:
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G
A - 2 ] A
1—r -1
T, N e J
F1m G4 lAl
1-7)
G
A2 — 3 ] Ay
1—r -1
+ N,—e"J
G, ZA, €
(1-7)
Gs (G3G4 - GIGG) Ge T
Gy \G1Gs — G,G,/ Gy ¢
37)
] &y ] #z-1) | G3G,— G1Gg
T, =N,—eJ 7" +N,=—e"J 24 16
Fam L4, A, G165 — GG,
+T,
(38)
The overall loss coefficient is:
U, =Ur+Ug (39)
The average absorbing plate temperature:
T _lapytc1tcetUrTathe piF1TFL,m+Rc,p1F2TF2,m (40)
Pim = UpthcpiFithepiF2
The average temperature of lower glass cover
41
T — UCZaTa + hr,PlCZTPl,m + hc,FlCZTFl,m ( )
czm Ucza + hrpicz + hepice
The average temperature of upper glass cover
T. = (hecacs + hrcoct)Teom + BeciaTa (42)
crm hecact + Prcacy + hecia
2.4 Effective Energy Efficiency
This net energy gain (Q,,.) can be written as:
Qne = QF - Pm/Cf (43)

where B,, = mAP/p is the work energy lost in friction
in the heater channel, C; is the conversion factor and is
taken 0.2 [13]. Total pressure drop AP expressed as:

AP = AP, + AP,, + AF,, (44)

The channel pressure drop can be calculated as
[18];
APy, = 2pv2,fL/Dy (49)

The correlations of friction coefficient for turbulent
flow [11]:

For SA-4 collector,

f = 0.4053Re 08851 (46)
For SA-2 collector,
f = 0.9564Re™0-743 47)

For SA-1 collector,
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f = 1.0866Re 06635 (48)

The entrance and exit pressure drop calculated as
[32];

2

pv.
AP,, + AP,, = (Rf,, + R fex)T” (49)

The sum of entrance and exit resistance factor
(Rf.n + Rf,,) is taken as 1.5 [33].

The effective energy efficiency of the solar air
heater can be expressed as;

Qne _ QF - (Pm/Cf)

= = 50
Nerr Al Al (50)
2.5 Exergy Efficiency
The exergy balance equation can be written as [8],
D Exy = ) By = ) Exgen (51)
or Exp, — Ex,, + Ex;y — Exy = EXgest (52)

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

2(1_;_:)Q5_W+Zmin(pin_zmo(po =

(53)

Exclest
where Qin = (hin - he) - Te (Sin - Se) (54)
Qo = (ho - he) - Te (So - Se) (55)

Substituting Equations (54) and (55) in Equation
(53), it can written as:

(1- ;—) Qs = mI(hy — hin) — To(5o — Siu)]

= Exgest

(56)

where Q; = lap,To1 T4, (57)

The change in enthalpy and entropy of air is
expressed as:

Ah = ho - hin = Cp(TF,o - TF,in) (58)
TFo Po
As =5, — S5; = Cpl — — RIn—
S =S5,—Sin pln Tron n P, (59)

Substituting Equations (58) and (59) in Equation
(56), it can be written as:
Te
(1 - T_s) lap TciTerAc — MGy, (TF,O - TF,in) +

Iy P,
mC,T,In——>—mRT,In—*> = EX g5
F,in in

(60)

The exergy destruction or the irreversibility can be
expressed as:
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Exgest = TeSgen (61)
The exergy efficiency is calculated as:

Ex, m(4h—T,As)
Nexe = - = T
Exm (1 _ Ti) Qs

(62)

2.6 Calculation Procedure for Energy, Effective and
Exergy Efficiencies

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

L=125m, W=080m, H;=0.025m , Hyy, =
0.02m, H,, =0.045m, 1, =1, = 0.875, ap, =
096, €1 =¢€,=094, &, =080, &, =094,
Ug~=0, T,=30°C=303K , V=1m/s , b=
0.00625m , I =200—- 1000 W /m? , m = 0.035—
0.083 kg/s,r =0.5.

The procedure for calculation of energy, effective
and exergy efficiencies are, first using guess temperature
the heat transfer coefficients have been calculated from
Equations (22) to (36) then new temperatures are
obtained by using Equations (37) to (42). If the
calculated values of temperature are different from the
assumed values continued calculation by iteration
method. These new temperatures will be then used as
the guess temperatures for next iteration and the process
will be repeated until all the difference between newest
temperatures and their respective previous values were
less than 0.001. Using Equation (19), energy efficiency
is calculated. Further pressure drop has been estimated
using Equation (44). Then effective efficiency has been
calculated by using Equation (50). The changes in
enthalpy and entropy have been calculated using
Equations (58) and (59), respectively, then exergy
efficiency was calculate using Equation (62).

3. MODEL VALIDATION

The numerically calculated energy efficiency of
different solar air heaters have been compared with the
experimental values obtained from [18]. Figure 3 shows
the comparison of analytical results of present work with
experimental values of energy efficiency [18] of double
flow flat plate (SA-4) and corrugated absorber (SA-3)
solar air heater. The maximum deviation of theoretical
values of energy efficiency for flat plate collector (SA-4)
is found to be 2.42% and for corrugated collector (SA-3)
it is 2.52%. Figure also shows the comparison of energy
efficiency of various types of corrugated collectors with
flat plate collector for the same parameters and found
there is considerable enhancement in energy efficiency
for SA-1 and SA-2 collectors. The efficiency
enhancement for SA-1 collector is found to be 21.00%

177

and 15.96% at the mass flow rate of 0.04 kg/s and 0.06
kals, respectively with respect to flat plate collector
(SA-4). This shows good resemblance of theoretical and
experimental values which makes validation of
calculated numerical data with mathematical modeling.

0.75

—u— Flat plate [18]
1 —e— v-corrugated plate [18]

0.70+

e
= 065+
o)
c
o
)
T 060
>
5
Q
i —— Present work SA-1
0.55
) - -~ Present work SA-2
~~~~~~ Present work SA-3
————— Present work SA-4
0.50 — — — —
0.035 0.040 0.045 0.050 0.055 0.060 0.065
Mass flow rate (kg/s)

Fig. 3. Comparison of analytical energy efficiency data
with available experimental data.

4. RESULTS AND DISCUSSION

In this section, the effect of mass flow rate and
insolation on air temperature rise, energy, effective and
exergy efficiencies are presented for various system and
operating parameters.

I = 1000 W/’

[N
Iy
-

Air temperature rise (°C)
I
1 1

=
o
1 1

T T T T T T T T T T T
0.03 0.04 0.05 0.06 0.07 0.08 0.09
Mass flow rate (kg/s)

Fig. 4. Variation of air temperature rise with mass flow
rate.

Figure 4 shows the variation of air temperature rise
for double flow flat and corrugated absorber solar air
heaters with mass flow rate for | = 1000 W/m?. Air
temperature rise continuously decreases with increase in
mass flow rate for all types of solar air heaters. It is seen
from the figure that the considerable amount of gain in
air temperature rise at lower mass flow rate is observed
due to corrugated absorber however at higher mass flow
rate gain in air temperature rise is almost equal for all
collectors. The maximum value of air temperature rise is
21.35°C for SA-1 collector at m = 0.035 kg/s.
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Figure 5 illustrate the effect of mass flow rate on
energy efficiency for a set of parameters. Energy
efficiency increases with increase in mass flow rate due
to increase in thermal conductance from absorber to
flowing air. It can be observed that at lower mass flow
rate, percentage enhancement in efficiency of corrugated
absorber to flat plate collector is higher and at higher
mass flow rate it is low. The SA-1 collector has the
maximum energy efficiency throughout the mass flow
rate investigated. The percentage enhancement in
efficiency of SA-1 collector with respect to SA-4
collector is 7.20% and 1.50% at m = 0.035 kg/s and 0.83
kg/s, respectively.

Figure 6 shows the variation of effective energy
efficiency with mass flow rate of air for corrugated and
flat plate solar air heaters for | = 1000 W/m?. From the
figure it is seen that effective energy efficiency increases
up to a certain value of mass flow rate at which it attains
a maximum value and there after decreases sharply. It is
also observed that the effective energy efficiency of
double flow flat plate solar air heater reaches maximum
value at m = 0.055 kg/s whereas for other collectors

www.rericjournal.ait.ac.th

(SA-3, SA-2 and SA-1) the pick values of effective
energy efficiency shifted towards lower mass flow rates
of 0.050 kg/s, 0.046 kg/s and 0.044 kg/s, respectively.
This type of trends is observed due to increase in
pressure drop of flowing air in case of corrugated
absorber / channels. The SA-1 attains the maximum
value of effective energy efficiency 74.8% at m = 0.044
kg/s.

Figure 7 present the effect of mass flow rate on
exergy efficiency for double flow corrugated and flat
plate solar air heaters at | = 1000 W/m?. The exergy
efficiency decreases with increase in mass flow rate and
it’s negative at higher mass flow rate (i.e. m > 0.072
kg/s for all collectors). It can be observed that double
flow corrugated plate leads to exergy efficiency increase
compared to flat plate solar air heater. It is also observed
from the figure that corrugated plate 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.
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The variation of air temperature rise with insolation,
for flat plate and corrugated absorber collectors at m =
0.042 kg/s, are shown in Figure 8. It evident that air
temperature rise increase linearly with increase in
insolation. It is also evident from the figure that
corrugated absorber collectors have higher air
temperature rise to the flat plate collector. The
maximum air temperature rise is 18.0°C at | = 1000
W/m? for SA-1 collector.

Figure 9 present the variation of energy efficiency
as a function of insolation at m= 0.042kg/s for the range
of insolation 200 — 1000 W/m? It is observed from the
figure, energy efficiency increases with increase in
insolation even so, percentage enhancement of
efficiency decrease with increase in insolation. This is
probably because of increase in insolation, increases the
thermal radiation heat losses from the absorbing plate to
bottom plate and to the glass cover but monotonically
reduced the thermal radiation heat loss from the glass
cover to the sky.

Figure 10 shows the effect of insolation on
effective energy efficiency for m = 0.042 kg/s. It can be
observed that effective energy efficiency monotonically
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Fig. 10. Variation of effective energy efficiency with
insolation.

increases with increase in insolation then a slight fall is
observed in the rate of increase of effective energy
efficiency as insolation increases due to at lower
insolation heat losses to the surrounding is low and at
high insolation heat losses to the surrounding is high.
The corrugated collectors have much higher effective
energy efficiencies than the flat plate collector (SA-4)
and SA-1 collector performs superior to the SA-2 and
SA-3 collector for all the values of insolation considered.
This is because of increase in turbulence of air flow
leads to increase convective heat transfer rate.

The variation of exergy efficiency with insolation
for different solar air heaters are shown in Figure 11. As
seen from the figure exergy efficiency continuously
increases with increase in insolation for the mass flow
rate of 0.042 kg/s. At higher insolation the exergy
efficiency is high because of exergy efficiency is the
function of outlet temperature of air. The outlet
temperature of air is high at higher insolation. It is also
seen that for lower insolation (i.e. | < 350 W/m?) exergy
efficiency become negative for all collectors. This type
of trend is observed due to outlet temperature of air is
low at lower insolation.
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5. CONCLUSIONS

On the basis of above results the following conclusions
are drawn:

i)

vi)

vii)

The mathematical model for double flow solar
air heater have been developed to study the
effect of mass flow rate and insolation on the
energy, effective and exergy efficiencies of
collector.

For solving the mathematical model a computer
program in C™* language has been developed
and obtained the numerical solutions.

The maximum deviation between the
theoretical and experimental values of energy
efficiency are found to be 2.42 % and 2.52 %
for SA-4 and SA-3 collectors, respectively.

It is observed that energy efficiency increases
while the air temperature rise decreases with
increase in mass flow rate however, effective
energy efficiency increases upto a certain
limiting value of mass flow rate and then there
after decreases sharply.

It is also observed that at lower mass flow rate,
percentage enhancement in energy efficiency of
corrugated absorber to flat plate collector is
higher and at higher mass flow rate is low, the
percentage enhancement in energy efficiency of
SA-1 collector with respect to SA-4 collector is
7.20% and 1.50% at m = 0.035 kg/s and 0.83
ka/s, respectively.

It has been found that the effective energy
efficiency of double flow flat plate solar air
heater reaches maximum value at m = 0.055
kg/s whereas for other collectors (SA-3, SA-2
and SA-1) the pick values of effective energy
efficiency shifted towards lower mass flow
rates of 0.050 kg/s, 0.046 kg/s and 0.044 kg/s,
respectively.

The exergy efficiency decreases with increase
in mass flow rate, because of at higher mass
flow rate the outlet temperature of air is low. At
higher mass flow rate i.e. m > 0.072 kg/s the
exergy efficiency become negative.
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g. 11. Variation of exergy efficiency with insolation.

viii) For a specific mass flow rate; air temperature

iX)

X)

rise, energy, effective and exergy efficiency
increases with increase in insolation for all type
of collectors.

It has been found that the percentage
enhancement of energy efficiency and
increasing rate of effective energy efficiency
decrease with increase in insolation.

For mass flow rate of 0.042 kg/s, the exergy
efficiency become negative for lower values of
insolation i.e. | <350 W/m? for all collectors.

NOMENCLATURE

Avrea of collector (m?)

Half height of v-groove (m)

Specific heat of air at constant pressure (J/kgK)

Hydraulic diameter (m)
Exergy (W)

Friction coefficient

Height of air flow channel (m)

Height of glass cover (m)

Convective heat transfer coefficient (W/m? K)

Radiative heat transfer coefficient (W/m? K)

Specific enthalpy (J/kg)

Insolation (W/m?)

Thermal conductivity (W/m K)

Collector length (m)
Thickness (m)

Mass flow rate (kg/s)

Nusselt number

Fluid pressure (N/m?)

Energy gain by air (W)

Universal gas constant (J/kg K)
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Re Reynolds number

Rf Resistance factor

r  Fraction of mass flow rate
s Specific entropy (J/kg K)
Temperature (K)

Loss coefficient (W/m? K)

= < =

Velocity of wind (m/s)
v Velocity of air (m/s)

W Collector width (m)

W  Work rate or power (W)

Greek symbols

a  Absorptivity

e Emissivity

AP Pressure drop (N/m?)

n  Efficiency

p  Density of air (kg/m®)

o Stefan-Boltzmann constant (W/m? K*)
T Transmissivity

6  Angle of v-groove absorbing plate (60°)
¢  Specific exergy (J/kg)

Subscripts
Ambient
Bottom
Flow
F1 Flow above the absorber plate
F2 Flow under the absorber plate
P1 Absorber plate
P2 Bottom plate
ch  Channel
dest Destruction
e  Environment
efe Effective energy
en Entrance
ene Energy
ex Exit
exe Exergy
C  Glass cover
C1 Upper glass cover
C2 Lower glass cover
ht Heat

in
ins
L

m

Inlet
Insulation
Overall

Mean

max Maximum

min Minimum

ne

(o]

p

)

[1]

[2]

[3]

[4]

(5]

(6]

[7]

[8]

[9]

[10]

Net energy
Outlet
Pipe

Sun

Top

Work
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APPENDIX A
_ Ur + Up + hepirs .
Ur +Up + hepirr + hepira
h
B2 — c,P1F2 (”)
UT + UB + hC,PlFl + hC,PlFZ
B. = lap,TciTe (iii)
° " Up +Ug + hepips + Repira
B - (iv)
= iv
" hepicz + hepicz + Ucza
Ur+Ug+h
B5 — T hB C,Pll;ll (V)
Ur +Up + hepipr + Repire
hc P1F1 .
B, = - \
© " Ur +Ug + hepips + hepir v
B - (vii)
= Vii
7 Rypipy + heppy + Upag
Gy = =Bihepip — BahepicaUcza — (viii)
BIB4hC,F1C2hT,P1C2
Gy = Byhepipr + BaByhepica iy pace (ix)
Gs3 = B3hepipr + BsBihepica iy pice )

of flat plate solar heat collectors. Transactions of
the ASME 64: 91-104.
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Gy = Bghepirz + BeBrhepapzhrpip2
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