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. ) In this work, thermal and thermohydraulic performance of double flow flat plate and corrugated
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corrugated absorber and bottom plates (SA-3). The aim of the use of the corrugated absorbing plate and
bottom plate is to enhance the turbulence and the heat transfer rate inside the air flow channel which help
to improve the performance of collector. The performance of these three types of solar air heater are

Keywords: analyzed on the basis of effective parameters such as mass flow rate and insolation. The results show that
Solar air heater, double flow, corrugated the corrugated absorber solar air heaters (SA-2 and SA-3) have much higher efficiencies than the flat
absorber, thermal efficiency, plate solar air heater (SA-1) although performance of SA-3 collector is superior to that of SA-2 collector.

thermohydraulic efficiency The percentage enhancement in efficiency of SA-3 collector with respect to SA-1 collector is 11.86 % for

the mass flow rate of 0.035 kg/s.The results also show that increasing the solar intensity leads to achieve
higher air temperature rise and efficiency.
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Nomenclature: n efficiency
p density of air (kg/m?)

A area of collector (m?) T transmissivity
b Chal'f‘height of v-groove (m) 0 angle of v-groove absorbing plate (°)
C, specific heat of air at constant pressure (J/kg K)
D, hydraulic diameter (m) Subscripts
f friction coefficient i
h  heat transfer coefficient (W/m? K) Zp 2{:;2;%1; plate
H height of air flow channel (m) B bottom
H, height pf glass cover (m) bp bottom plate
1 insolation (W/m?) c convective
k  thermal conductivity (W/m K) ch channel
L collector length (m) e net
m mass flow rate (kg/s) en entrance
Nu Nusselt number ex exit
Q energy gain by air (W) f total flow
2 gsmaﬁ;e factg)r f1 flow above the absorber plate
e Reynolds number 2 flow under the absorber plate
I temperature (K) gc glass cover
U loss coefficient (W/m? K) gcl lower glass cover
V' velocity of wind (m/s) gc2 upper glass cover
v velocity of air (m/s) in inlet
W collector width (m) max maximum
Greek symbols min minimum
o 0 outlet
o absorptivity 7 radiative
¢ emissivity T top
¢ fraction of mass flow rate eff thermohydraulic (effective)
AP pressure drop (N/m?) u useful
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1. Introduction

Solar energy is one of the renewable source of energy which is
sustainable, abundant and clean. 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 thermo physical 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 [Goldstein, 1976, 1977].

Ho-Ming et al. [1999] investigated the performance of double flow
flat plate solar air heater and found more effective than conventional solar
air heater. A parametric study of cross corrugated solar air collectors with
different parameters such as mass flow rate, insolation and inlet temperature
have been performed by Wenxian et al. [2006] and Wenfeng et al. [2007]
and found that the cross corrugated collector have superior thermal
performance than that of the flat plate. Mohammadi and Sabzpooshani
[2013] investigated the influence of fins and baffles attached over the
absorber plate on the performance of single pass solar air heater. Vimal
and Sharma [2016] theoretically investigated the thermal performance of
packed bed solar air heater with wire screen matrices. Paisarn [2005]
studied numerically about heat transfer characteristics and performance
of double pass flat plate solar air heater with and without porous media.
A comprehensive study of solar air heater having roughness elements on
the absorber plate with different geometry, presented by Mittal et al.
[2007]. Karmare and Tikekar [2010] presented the analysis of fluid flow
and heat transfer in a rib grit roughened surface solar air heater.

This paper present analyticaly investigations of thermal and
thermohydraulic performance of double flow flat plate and corrugated
absorber solar air heaters. Three types of solar air heaters are considered,
SA-1 (Fig. la) has flat plate absorber, SA-2 (Fig. 1b) has corrugated
absorber plate and SA-3 (Fig. 1c) has corrugated absorber and bottom
plate having convergence-divergence flow channel.

2. Methods
2.1 Theoretical analysis

Figure 1 shows the schematic diagram of double flow solar air heater
with two glass cover. The analysis is based on analytical solutions for
energy balance equations. 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.

2.2 Energy Balance Equations

Considered a differential element of length dx at a distance x from the
inlet. The energy balance equations are written as:
Glass cover 1 (lower glass cover)

= Tger)Wdx + hepy_ gy (Tpy — Tyer)Wex = Ugey (T,

v —Ta)Wdx (1)
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Solving Egs. (1) — (5), the outlet temperature of flow 1 and flow 2 are respectively as:
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and ¥'s and C’s are the functions of M and M’s are in the terms of the convective heat

transfer coefficient, loss coefficients and physical properties (Appendix A).
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2.3 Heat Transfer Coefficients

For flat plate absorber
The convective heat transfer coefficient for air.

Nukg

hipee= 9
c,ap JF Dy ( }
For laminar flow, the equation presented by Heaton et al. [1964]
0.00398(0.7ReDy /L)16¢
Nu=4.4+ (07 AODETL) (10)

1+0.0114(0.7ReDy /L)112

For turbulent flow the correlation derived from Kays [1980], data
with the modification of McAdams [1954].

Nu = 0.0158Re"®[1 + (D, /L)°7] (11)

For v-corrugated absorber
The convective heat transfer coefficient for air [2014]
Nuk 1
cap=f = Dy Fx in(2
v sin(3)

Hollands and Shewen [1981] developed the correlation of Nusselts
number (N ) and modified by Karim et al. [2014] as:

If Re < 2800

h

(12)

Nu=2.821+0.126Re3:3 (13)
If 2800 < Re < 10*
Nu = 1.9 x 10~5Rel7? + 225% (14)

If10* < Re < 10°
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Fig. 1. The schematic diagrams of double flow solar air heater with two glass cover; (la) Flat plate,
(1b) Corrugated absorber plate and (1c) Corrugated absorber and bottom plate
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Nu = 0.0302Re®7* + 0.242Re

0.74 % (15)
For v-corrugated absorber and bottom plate
Benli [2013] present the correlation of Nusselts number as:

Nu = 0.5999Re4?
Nu = 0.5999Re 419 (16)

2.4 Thermohydraulic Efficiency

The net energy can be written as:
Qe = Qur — Bn/Cy (7

where P is the work energy lost in friction in the heater channel,
given by:

Py = mAP/p (18)

C.is the conversion factor to transform different efficiencies (thermal
to mechanical) and is taken 0.2 [Bahrehmand, 2015].
The pressure drop AP is calculated from the following expression;

AP = APy 4+ APy, + AP, (19)

The pressure drop through the upper and lower channel AP, is
calculated by the relation [Wong, 1977; Choudhury, 1988; Tan, 1969]

APen = 2pvia fL/ Dy, (20)

The friction factor is given by [Wong, 1977, Choudhury, 1988; Tan,
1969; Douglas, 1992]; for turbulent flow

f = 0.059Re %2 (21)

for laminar flow

f=16/Re (22)
The friction factor for SA-3 is given by [Benli, 2013];

f = 1.0866Re 06635 (23)

The sum of the inlet and outlet pressure drop (AP, + AP ) can be
determined by Hegazy [2000];

APy + BPey = (Ren +Ru)"“' (24

where the sum of the entrance and exit resistance factor (R, + R_) is
taken 1.5 [Griggs, 1992].

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

Qe _ Qur—(Pm/Cp)

Mgy = 25 = 2 (25)

3. Results and discussion

In this section, results of thermal and thermohydraulic performance
of double flow flat plate and corrugated absorber solar air heaters are
presented. The following values are used for the parameters under the
typical configuration and operating conditions:

L=1.25m, W=0.80 m, Hg = 0.025 m, Hyjn = 0.02 m, Hypg = 0.045 m, 15 = 0.875, 0 =
0.96, g = 0.94, £2p = 0.80, £, = 0.94, Up =0, T, =30 "C =303 K, V =
=200 - 1000 W/m®, m = 0,014 - 0.083 kg/s. @ =0.5.

Figure 2 shows the variation of air temperature rise with mass flow
rate for double flow flat and corrugated absorber solar air heaters for I =
1000 W/m?. Air temperature rise continuously decreases with increase
in mass flow rate for all 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 and at higher mass flow rate
air temperature rise of all collectors are almost same. The maximum
value of air temperature rise is 18.9°C for SA-1, 20.8°C for SA-2 and
21.2°C for SA-3 at m = 0.035 kg/s.

Figure 3 shows the composite plot of thermal and thermohydraulic
efficiencies as a function of mass flow rate of various types of double flow
solar air heaters for I = 1000 W/m?. From the figure it is clearly seen that
thermal efficiency increases continuously with increase in mass flow rate,
whereas thermohydraulic efficiency increases upto a certain mass flow
rate of each collector and then gradually decreases. It is also indicated
that the peak value of thermo hydraulic efficiency of double flow flat
plate solar air heater (SA-1) reaches maximum value at m = 0.0575 kg/
s, whereas for SA-2 and SA-3 collectors pick values of thermohydraulic
efficiency shifted towards lower mass flow rates of 0.0475 kg/s and
0.046 kg/s respectively. This type of trends is observed due to increase in
pressure drop of flowing air in case of corrugated absorber / channels.

1 m/s, b=0.00625 m,

22
1 & ——SA-1
20 Vo --- SA-2
® 0 e SA-3
18 e,\__ T=303K
. I =1000 W/m*
" .. =05

Air temperature rise ('C)
=
1

124
104
8 ¥ T Y T ¥ T T T . T ,
0.03 0.04 0.05 0.06 0.07 0.08 0.08
Mass flow rate (kg/s)
Fig. 2. Air temperature rise vs. mass flow rate
0.800 0.800
0.775 - R . o775
= —— SA-1 =
£ 0750 --- SA-2 0750 0
S o725 0.725 5
g T 17 e
@ 3
= i
E o700 H0700 T
2 5
= E
0.675 4 HJo675 2
£
0.650 = 0.650
0.03 0.04 0.05 0.06 0.07 0.08 0.09

Mass flow rate (kg/s)

Fig. 3. Thermal and Thermohydraulic efficiency vs. mass flow rate

The percentage enhancement in both thermal as well as thermo hydraulic
efficiency is higher at lowest mass flow rate and goes on decreasing with
increase in mass flow rate and almost negligible at highest mass flow rate
of 0.083 kg/s.

The variation of air temperature rise with insolation, for flat plate and
corrugated absorber collectors for m = 0.042 kg/s, are shown in Fig. 4.
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 16.5°C at I = 1000 W/m? for SA-3
collector.

Figure 5 shows the variation of efficiency as a function of insolation at
m= 0.042kg/s for a set of parameters. The efficiency increase with increase
in insolation for all collectors. Figure also reveals that the SA-2 and SA-
3 collectors have much higher efficiency than the flat plate collector (SA-
1) and SA-3 collector performs superior to the SA-2 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.

Figure 6 shows the effect of insolation on thermohydraulic efficiency
for m = 0.042 kg/s. It can be observed that thermohydraulic efficiency
monotonically increases with increase in insolation then a slight fall is
observed in the rate of increase of thermo hydraulic efficiency as insolation
increases due to at lower insolation heat gain is low and at high insolation
heat gain is high. The maximum thermohydraulic efficiency is 74.25 % at
1= 1000 W/m? for SA-3 collector.
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Fig. 6. Thermohydraulic efficiency vs. insolation

4. Conclusions

In this study, thermal and thermohydraulic analysis of double flow
flat plate and corrugated absorber solar air heaters as a function of different
parameters such as mass flow rate and insolation have been performed.
Results indicated that the air temperature rise decreases while efficiency
increases with increase in mass flow rate. It is observed that
thermohydraulic efficiency increases upto a certain limit of mass flow
rate and there after it decreases. The SA-3 solar air heater attains maximum
value of thermohydraulic efficiency at air mass flow rate of 0.046 kg/s.
There is significant enhancement in air temperature rise and efficiency of
double flow corrugated absorber to that of the flat plate absorber solar air
heater. For a specific mass flow rate air temperature rise, efficiency and
thermohydraulic efficiencies are increases with increase in insolation.
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