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Abstract – In this paper the mathematical model of double flow flat plate and different angle of v-corrugated 
absorbers solar air heater are presented. A computer programme in C++ language is developed to estimate the 
temperature rise of entering air for evaluation of thermal and thermohydraulic efficiency also called “effective 
efficiency” by solving the governing equations numerically using relevant correlations for heat transfer coefficient for 
double flow v-corrugated absorber. The results obtained from the mathematical model is compared with available 
experimental results and found to compare well. The deviation in efficiency for flat plate and 60˚ v-corrugated 
absorber collectors is found to be in the range of ±5.47 % and 4.46 % respectively. The effect of fraction of mass 
flow rate (φ) on thermal efficiency and v-corrugated angle (θ) of absorber plate of double flow solar air heater have 
been analyze and found that at φ = 0.5 i.e. equal mass flow rate through both channels gives best performance. Also 
the comparison of the results of double flow flat plate with v-corrugated absorber of different angle show a 
substantial enhancement in efficiency with double flow v-configuration absorber. The 60˚ v-angle absorber maintains 
the highest efficiency values throughout the range of mass flow rates investigated. Again most efficient 60˚ v-
corrugated absorber double flow solar air heater attains maximum value of thermohydraulic efficiency at air mass 
flow rate of 0.045 kg/s. 
 
Keywords – fraction of mass flow rate, solar air heater, thermal efficiency, thermohydraulic efficiency, v-corrugated 
absorber. 
 

 1. INTRODUCTION 

Demand of energy consumption is growing 
exponentially. Conventional sources of energy cannot 
fulfil the demand for long period of time. Alternative 
source of energy which can fulfil the demand is 
renewable sources of energy. Among all sources of 
renewable energy, solar energy is sustainable, abundant 
and clean. The application of solar energy is very wide 
i.e. heating, drying, cooking, power generation etc. The 
solar air heater is one of the important type of collector 
for the purpose of air heating. It is a specific type of heat 
exchanger which transfers heat energy, obtained by 
absorbing insolation. It can be used for many 
applications at low and moderate temperature. Some of 
these have been crop drying, timber seasoning, space 
heating etc. However, their usefulness as energy 
collection has been limited because of poor 
thermophysical properties of air, low convective heat 
transfer coefficient between the absorber plate and 
flowing air leads to higher plate temperature and greater 
thermal losses.  
 Several designs of solar air heaters have been 
developed over the years in order to improve their 
performance. 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 
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increase the heat transfer surface area and to increase 
turbulence inside the channel by using fin or corrugated 
surfaces [1], [2]. Ho-Ming et al. [3] investigated the 
performance of double flow solar air heater and found 
more effective than conventional solar air heater. 
Hikmet [4] presented energy and exergy analysis of a 
double flow flat plate solar air heater with several 
obstacles on absorber plate and without obstacles. The 
influence of fins and baffles attached over the absorber 
plate on the performance of single pass solar air heater 
investigated by Mohammadi and Sabzpooshani [5] and 
found that the outlet air temperature and efficiency are 
higher in comparison to conventional air heater. 
Pakdaman et al. [6] investigated experimentally to 
evaluate the performance of solar air heater with 
longitudinal rectangular fins array. Abhishek and Prabha 
[7] analyzed the performance of wavy finned absorber 
solar air heater. A comprehensive study of solar air 
heater having roughness elements on the absorber plate 
with different geometry was presented by Mittal et al. 
[8]. Paisarn [9] studied numerically about heat transfer 
characteristics and performance of double pass flat plate 
solar air heater with and without porous media. Vimal 
and Sharma [10] theoretically investigated the thermal 
performance of packed bed solar air heater with wire 
screen matrices. Taymaz et al. [11] experimentally 
investigated the convective heat transfer characteristics 
in a periodic converging diverging heat exchanger 
channel. The effects of the operating parameters on 
forced convection heat transfer for air flowing in a 
channel having v-corrugated upper plate and other walls 
are thermally insulated is studied by Ahmed et al. [12]. 
Fabbri [13] analysed the heat transfer in a channel 
having smooth and corrugated wall under laminar flow 
conditions and used finite element model to determine 
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the velocity and temperature distributions. Nephon [14] 
investigated heat transfer characteristics and pressure 
drop in the channel with v-corrugated upper and lower 
plates. El-Sebaii et al. [15] investigated the performance 
of double pass flat and v-corrugated solar air heaters and 
found the double pass v-corrugated have 11-14 % more 
efficient than double pass flat plate heater. A parametric 
study of cross corrugated solar air collectors having 
wavelike absorbing plate and wavelike bottom plate 
crosswise position performed by Wenxian et al. [16] and 
Wenfeng et al. [17] and found that the cross corrugated 
collector have superior thermal performance than that of 
the flat plate. Yasin and Hakan [18] studied the natural 
convection heat transfer of inclined solar collectors and 
compared wavy absorber with flat absorber collectors. 
The flat plate and v-corrugated plate solar air heaters 
with phase change material as thermal energy storage 
investigated by Kabeel et al. [19] and they found that the 
v-corrugated plate solar air heater have better 
performance.  
 This paper present mathematical models to 
investigate analytically the thermal and thermo 
hydraulic (effective) performance of double flow flat 
(plane) and v-corrugated absorber solar air heaters with 
different v-angle (θ). The main features of the solar air 
heaters considered in this study; all type heaters consist 
of double glass cover, double flow and average air flow 
channel gap of 25 mm. The angles (θ) with different 
type of v-corrugated absorber solar air heater are 
assumed to be 30˚, 45˚, 60˚, 90˚ and 120˚. 
 
2.  THEORETICAL ANALYSIS 

 The mathematical models for flat and v-corrugated 
absorber solar air heaters are presented. The double flow 
flat plate solar air heater is presented in Figure 1. Two 
air streams are flowing simultaneously over (flow 1) and 
under (flow 2) the absorbing plate having different flow 
rates but total flow rate are constant. The formation of 
mathematical models is based on following 
assumptions: (i) air temperature variation is the function 
of the flow direction only. (ii) negligible temperature 
drop  across the glass covers, absorbing and bottom 
plate. (iii) glass cover and flowing air do not absorb 
radiant energy. (iv) thermal losses through side and 
bottom insulation are negligible. 
 

 
Fig. 1. The double flow flat plate solar air heater. 

 
2.1 Energy Balance Equations  

For the lower glass cover (cover 1), 

ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑔𝑔𝑔𝑔1� + ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔1�𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑔𝑔𝑔𝑔1� =

𝑈𝑈𝑔𝑔𝑔𝑔1−𝑎𝑎�𝑇𝑇𝑔𝑔𝑔𝑔1 − 𝑇𝑇𝑎𝑎�             (1) 

For the absorbing plate, 

𝐼𝐼𝛼𝛼𝑎𝑎𝑎𝑎 𝜏𝜏𝑔𝑔𝑔𝑔2 = 𝑈𝑈𝑇𝑇�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑎𝑎� + 𝑈𝑈𝐵𝐵�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑎𝑎� +

ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓1� + ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓2�  (2) 

Rewriting the Equations 1 and 2, respectively 

𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑔𝑔𝑔𝑔1 =

� 1
ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎 −𝑔𝑔𝑔𝑔 1+ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔 1+𝑈𝑈𝑔𝑔𝑔𝑔 1−𝑎𝑎

� �−ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓1� +

𝑈𝑈𝑔𝑔𝑔𝑔1−𝑎𝑎𝑇𝑇𝑓𝑓1−𝑇𝑇𝑎𝑎       (3) 

𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓1 = −� 𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2
𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

� �𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑎𝑎� +

� ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2
𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

� �𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑎𝑎� +

� 𝐼𝐼𝛼𝛼𝑎𝑎𝑎𝑎 𝜏𝜏𝑔𝑔𝑔𝑔2

𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2
�       (4) 

𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓1 = −𝐽𝐽1�𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑎𝑎� + 𝐽𝐽2�𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑎𝑎� + 𝐽𝐽3 (5) 

Putting the expression (𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓1) from Equation 5 
into Equation 3, we have 

𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑔𝑔𝑔𝑔1 = 𝐽𝐽4��𝑈𝑈𝑔𝑔𝑔𝑔1−𝑎𝑎 + 𝐽𝐽1ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1��𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑎𝑎� −

𝐽𝐽2ℎ𝑟𝑟,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1𝑇𝑇𝑓𝑓2−𝑇𝑇𝑎𝑎−ℎ𝑟𝑟,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1𝐽𝐽3   (6) 

For the bottom plate, 

ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎 �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑏𝑏𝑎𝑎 � + ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎 �𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑏𝑏𝑎𝑎 � =
𝑈𝑈𝑏𝑏𝑎𝑎−𝑎𝑎�𝑇𝑇𝑏𝑏𝑎𝑎 − 𝑇𝑇𝑎𝑎�       (7) 

Rewriting the Equations 7 and 2, respectively 

𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑏𝑏𝑎𝑎 = � 1
ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎 −𝑏𝑏𝑎𝑎 +ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎 +𝑈𝑈𝑏𝑏𝑎𝑎 −𝑎𝑎

� �−ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎 �𝑇𝑇𝑎𝑎𝑎𝑎 −

𝑇𝑇𝑓𝑓2+𝑈𝑈𝑏𝑏𝑎𝑎−𝑎𝑎𝑇𝑇𝑓𝑓2−𝑇𝑇𝑎𝑎      (8) 

𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓2 = −� 𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1
𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

� �𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑎𝑎� +

� ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1
𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

� �𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑎𝑎� +

� 𝐼𝐼𝛼𝛼𝑎𝑎𝑎𝑎 𝜏𝜏𝑔𝑔𝑔𝑔2

𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2
�      (9) 

𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓2 = −𝐽𝐽5�𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑎𝑎� + 𝐽𝐽6�𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑎𝑎� + 𝐽𝐽3 
                (10) 

Putting the expression (𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓2)  from Equation 
10 into Equation 8, we have 

𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑏𝑏𝑎𝑎 = 𝐽𝐽7��𝑈𝑈𝑏𝑏𝑎𝑎−𝑎𝑎 + 𝐽𝐽5ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎 ��𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑎𝑎� −

𝐽𝐽6ℎ𝑟𝑟,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎𝑇𝑇𝑓𝑓1−𝑇𝑇𝑎𝑎−𝐽𝐽3ℎ𝑟𝑟,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎          (11) 

Assume the differential length 𝑑𝑑𝑑𝑑  at a distance 𝑑𝑑 
from the inlet of the collector. 

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

http://www.rericjournal.ait.ac.th/
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ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓1� = �𝑚𝑚𝑚𝑚 𝑔𝑔𝑎𝑎
𝑊𝑊

� �𝑑𝑑𝑇𝑇𝑓𝑓1
𝑑𝑑𝑑𝑑

� + ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔1�𝑇𝑇𝑓𝑓1 −

𝑇𝑇𝑔𝑔𝑔𝑔1                 

(12) 
Substituting the expressions of �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓1�  from 

Equation 5 and �𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑔𝑔𝑔𝑔1�  from Equation 6 into 
Equation 12, we have 

𝑍𝑍𝑚𝑚𝑑𝑑 �𝑇𝑇𝑓𝑓1−𝑇𝑇𝑎𝑎�

𝑑𝑑𝑑𝑑
= 𝑀𝑀1�𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑎𝑎� + 𝑀𝑀2�𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑎𝑎� + 𝑀𝑀3 

                 (13) 

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

ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓2� = �𝑚𝑚(1−𝑚𝑚)𝑔𝑔𝑎𝑎
𝑊𝑊

� �𝑑𝑑𝑇𝑇𝑓𝑓2
𝑑𝑑𝑑𝑑

� +

ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎 �𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑏𝑏𝑎𝑎 �              (14) 

Substituting the expressions of �𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑓𝑓2�  from 
Equation 10 and �𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑏𝑏𝑎𝑎 �  from Equation 11 into 
Equation 14, we have 

𝑍𝑍(1−𝑚𝑚)𝑑𝑑�𝑇𝑇𝑓𝑓2−𝑇𝑇𝑎𝑎�

𝑑𝑑𝑑𝑑
= 𝑀𝑀4�𝑇𝑇𝑓𝑓1 − 𝑇𝑇𝑎𝑎� + 𝑀𝑀5�𝑇𝑇𝑓𝑓2 − 𝑇𝑇𝑎𝑎� + 𝑀𝑀6

                    (15) 

Where, 𝑍𝑍 = 𝑚𝑚𝑔𝑔𝑎𝑎
𝑊𝑊𝑊𝑊

= 𝑚𝑚𝑔𝑔𝑎𝑎
𝐴𝐴𝑔𝑔

 

   𝑑𝑑 = 𝑑𝑑
𝑊𝑊
 

All the coefficients𝐽𝐽’s and 𝑀𝑀’s (given in Appendix 
A) are in terms of the convective heat transfer 
coefficient, loss coefficients and physical properties. 
Solving Equations 13 and 15 with the boundary 
condition: 

At, 𝑑𝑑 = 0,𝑇𝑇𝑓𝑓1 = 𝑇𝑇𝑓𝑓2 = 𝑇𝑇𝑓𝑓 ,𝑖𝑖  

The temperature distributions of flow 1 and flow 2 
as 

𝑇𝑇𝑓𝑓1 = �
𝑌𝑌1−

𝑀𝑀5
1−𝑚𝑚

𝑀𝑀4
(1−𝑚𝑚 )

� 𝐶𝐶1𝑒𝑒
𝑌𝑌1
𝑍𝑍 𝑑𝑑 + �

𝑌𝑌2−
𝑀𝑀5

1−𝑚𝑚
𝑀𝑀4

(1−𝑚𝑚 )
� 𝐶𝐶2𝑒𝑒

𝑌𝑌2
𝑍𝑍 𝑑𝑑 −

𝑀𝑀5
𝑀𝑀4
�𝑀𝑀3𝑀𝑀4−𝑀𝑀1𝑀𝑀6
𝑀𝑀1𝑀𝑀5−𝑀𝑀2𝑀𝑀4

� − 𝑀𝑀6
𝑀𝑀4

+ 𝑇𝑇𝑎𝑎             (16) 

𝑇𝑇𝑓𝑓2 = 𝐶𝐶1𝑒𝑒
𝑌𝑌1
𝑍𝑍 𝑑𝑑 + 𝐶𝐶2𝑒𝑒

𝑌𝑌2
𝑍𝑍 𝑑𝑑 + 𝑀𝑀3𝑀𝑀4−𝑀𝑀1𝑀𝑀6

𝑀𝑀1𝑀𝑀5−𝑀𝑀2𝑀𝑀4
+ 𝑇𝑇𝑎𝑎          (17) 

The outlet temperature of flow 1, can be obtained 
from Equation 16, for, 𝑑𝑑 = 1,𝑇𝑇𝑓𝑓1 = 𝑇𝑇𝑓𝑓1,𝑜𝑜  

𝑇𝑇𝑓𝑓1,𝑜𝑜 = �
𝑌𝑌1−

𝑀𝑀5
1−𝑚𝑚

𝑀𝑀4
(1−𝑚𝑚 )

� 𝐶𝐶1𝑒𝑒
𝑌𝑌1
𝑍𝑍 + �

𝑌𝑌2−
𝑀𝑀5

1−𝑚𝑚
𝑀𝑀4

(1−𝑚𝑚 )
� 𝐶𝐶2𝑒𝑒

𝑌𝑌2
𝑍𝑍 −

𝑀𝑀5
𝑀𝑀4
�𝑀𝑀3𝑀𝑀4−𝑀𝑀1𝑀𝑀6
𝑀𝑀1𝑀𝑀5−𝑀𝑀2𝑀𝑀4

� − 𝑀𝑀6
𝑀𝑀4

+ 𝑇𝑇𝑎𝑎             (18) 

The outlet temperature of flow 2, can be obtained 
from Equation 17, for, 𝑑𝑑 = 1,𝑇𝑇𝑓𝑓2 = 𝑇𝑇𝑓𝑓2,𝑜𝑜  

𝑇𝑇𝑓𝑓2,𝑜𝑜 = 𝐶𝐶1𝑒𝑒
𝑌𝑌1
𝑍𝑍 + 𝐶𝐶2𝑒𝑒

𝑌𝑌2
𝑍𝑍 + 𝑀𝑀3𝑀𝑀4−𝑀𝑀1𝑀𝑀6

𝑀𝑀1𝑀𝑀5−𝑀𝑀2𝑀𝑀4
+ 𝑇𝑇𝑎𝑎           (19) 

For Y1, Y2, C1 and C2 referred to Appendix A. 
The useful energy gain by the flow 1 and flow 2 

are, respectively 

𝑄𝑄𝑢𝑢𝑓𝑓1 = 𝑚𝑚𝑚𝑚𝑔𝑔𝑎𝑎�𝑇𝑇𝑓𝑓1,𝑜𝑜 − 𝑇𝑇𝑓𝑓 ,𝑖𝑖𝑖𝑖 � = 𝑍𝑍𝑚𝑚𝐴𝐴𝑔𝑔�𝑇𝑇𝑓𝑓1,𝑜𝑜 − 𝑇𝑇𝑓𝑓 ,𝑖𝑖𝑖𝑖 � 
                  (20) 

𝑄𝑄𝑢𝑢𝑓𝑓2 = 𝑚𝑚(1 − 𝑚𝑚)𝑔𝑔𝑎𝑎�𝑇𝑇𝑓𝑓2,𝑜𝑜 − 𝑇𝑇𝑓𝑓 ,𝑖𝑖𝑖𝑖 � = 𝑍𝑍(1 −

𝑚𝑚)𝐴𝐴𝑔𝑔�𝑇𝑇𝑓𝑓2,𝑜𝑜 − 𝑇𝑇𝑓𝑓 ,𝑖𝑖𝑖𝑖 �                  (21) 

The total energy gain is 

𝑄𝑄𝑢𝑢𝑓𝑓 = 𝑄𝑄𝑢𝑢𝑓𝑓1 + 𝑄𝑄𝑢𝑢𝑓𝑓2                  (22) 

The collector efficiency is  

𝜂𝜂 = 𝑄𝑄𝑢𝑢𝑓𝑓
𝐴𝐴𝑔𝑔𝐼𝐼

= 𝑍𝑍
𝐼𝐼
�𝑚𝑚𝑇𝑇𝑓𝑓1,𝑜𝑜 + (1 − 𝑚𝑚)𝑇𝑇𝑓𝑓2,𝑜𝑜 − 𝑇𝑇𝑓𝑓 ,𝑖𝑖𝑖𝑖 �         (23) 

𝜂𝜂 = 𝑚𝑚𝑔𝑔𝑎𝑎
𝐼𝐼𝐴𝐴𝑔𝑔

�𝑇𝑇𝑓𝑓 ,𝑜𝑜 − 𝑇𝑇𝑓𝑓 ,𝑖𝑖𝑖𝑖 � = 𝑍𝑍
𝐼𝐼
Δ𝑇𝑇                (24) 

2.2 Heat Transfer Coefficients  

Figure 2 shows the thermal network of double glass 
double flow solar air heater. The resistances to energy 
loss through the bottom and edges of the collector and 
from the surfaces of the bottom and edges of the 
collector to the ambient are mainly the resistance to heat 
flow through the insulation by conduction, 

 𝑈𝑈𝑏𝑏𝑎𝑎−𝑎𝑎 ≈
𝑘𝑘
𝑙𝑙
               (25) 

and 
 1

𝑈𝑈𝐵𝐵
= 1

𝑈𝑈𝑏𝑏𝑎𝑎 −𝑎𝑎
+ 1

ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎
+ 𝑙𝑙𝑏𝑏𝑎𝑎

𝑘𝑘𝑏𝑏𝑎𝑎
           (26) 

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

1
𝑈𝑈𝑔𝑔𝑔𝑔 1−𝑎𝑎

= 1
ℎ𝑤𝑤+ℎ𝑟𝑟 ,𝑔𝑔𝑔𝑔 2−𝑎𝑎

+ 1
ℎ𝑔𝑔 ,𝑔𝑔𝑔𝑔 1−𝑔𝑔𝑔𝑔 2+ℎ𝑟𝑟 ,𝑔𝑔𝑔𝑔 1−𝑔𝑔𝑔𝑔 2

         (27) 

 

 
Fig. 2. Thermal network of double glass double flow solar 

air heater. 
 
 An empirical equation, derived by Klein [20], is 
used to calculate top loss coefficient, 𝑈𝑈𝑇𝑇 , and is given by 
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𝑈𝑈𝑇𝑇 = � 2�𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑚𝑚 520⁄ �

�
�𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑚𝑚−𝑇𝑇𝑎𝑎�

2+�1+0.089ℎ𝑤𝑤−0.1166ℎ𝑤𝑤 𝜀𝜀𝑎𝑎𝑎𝑎 �(1+0.07866 ×2)�
0.43�1−100 𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑚𝑚⁄ � + 1

ℎ𝑤𝑤
�

−1

+

𝜎𝜎�𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑚𝑚+𝑇𝑇𝑎𝑎 ��𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑚𝑚
2 +𝑇𝑇𝑎𝑎2�

��𝜀𝜀𝑎𝑎𝑎𝑎 +2×0.00591ℎ𝑤𝑤�
−1

+�2×2+�1+0.089ℎ𝑤𝑤−0.1166ℎ𝑤𝑤𝜀𝜀𝑎𝑎𝑎𝑎 �(1+0.07866 ×2)−1+0.133𝜀𝜀𝑎𝑎𝑎𝑎 � 𝜀𝜀𝑔𝑔𝑔𝑔� −2�

                   (28) 

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

ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1 = ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔1              (29) 

and, ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2 = ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎              (30) 

 The convective heat transfer coefficient from the 
outer glass cover (gc2) due to wind is calculated by the 
expression given by McAdams [21]. 

ℎ𝑤𝑤 = 5.7 + 3.8𝑉𝑉              (31) 

 The heat transfer coefficient between two glass 
covers, inner glass cover (gc1) and outer glass cover 
(gc2) is expressed by Hottel and Woertz [22] empirical 
equation as 

ℎ𝑔𝑔 ,𝑔𝑔𝑔𝑔1−𝑔𝑔𝑔𝑔2 = 1.25�𝑇𝑇𝑔𝑔𝑔𝑔1,𝑚𝑚 − 𝑇𝑇𝑔𝑔𝑔𝑔2,𝑚𝑚�
0.25

          (32) 

 The radiative heat transfer coefficients between the 
absorbing plate and inner glass cover and between the 
absorbing plate and bottom plate may be expressed by 
assuming mean radiant temperature equal to the mean 
fluid temperature as [3]. 

ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1 ≈
4𝜎𝜎𝑇𝑇𝑓𝑓1,𝑚𝑚

3

1
𝜀𝜀𝑎𝑎𝑎𝑎

+ 1
𝜀𝜀𝑔𝑔𝑔𝑔 1

−1
            (33) 

and 

ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎 ≈
4𝜎𝜎𝑇𝑇𝑓𝑓2,𝑚𝑚

3

1
𝜀𝜀𝑎𝑎𝑎𝑎

+ 1
𝜀𝜀𝑏𝑏𝑎𝑎

−1
             (34) 

The radiative heat transfer coefficients between the 
two glass cover inner glass cover and outer glass cover 
and outer glass cover and air are respectively, 

ℎ𝑟𝑟 ,𝑔𝑔𝑔𝑔1−𝑔𝑔𝑔𝑔2 =
𝜎𝜎(𝑇𝑇𝑔𝑔𝑔𝑔 1,𝑚𝑚

2 +𝑇𝑇𝑔𝑔𝑔𝑔 2,𝑚𝑚
2 )(𝑇𝑇𝑔𝑔𝑔𝑔 1,𝑚𝑚+𝑇𝑇𝑔𝑔𝑔𝑔 2,𝑚𝑚 )
1

𝜀𝜀𝑔𝑔𝑔𝑔 1
+ 1
𝜀𝜀𝑔𝑔𝑔𝑔 2

−1
          (35) 

and 

ℎ𝑟𝑟 ,𝑔𝑔𝑔𝑔2−𝑎𝑎 = 𝜀𝜀𝑔𝑔𝑔𝑔2𝜎𝜎(𝑇𝑇𝑔𝑔𝑔𝑔2,𝑚𝑚
2 + 𝑇𝑇𝑎𝑎2)(𝑇𝑇𝑔𝑔𝑔𝑔2,𝑚𝑚 + 𝑇𝑇𝑎𝑎)         (36) 

Assuming the heat transfer coefficients between 
fluid and duct walls equal, 

ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1 = ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔1andℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2 = ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎              (37) 

For flat plate absorber, the convective heat transfer 
coefficient for air is, 

ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1 = 𝑁𝑁𝑢𝑢1𝑘𝑘𝑓𝑓1
𝐷𝐷ℎ1

             (38) 

ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2 = 𝑁𝑁𝑢𝑢2𝑘𝑘𝑓𝑓2
𝐷𝐷ℎ2

             (39) 

For laminar flow, the equation presented by Heaton 
et al. [23], 

𝑁𝑁𝑢𝑢𝑖𝑖 = 4.4 + 0.00398 (0.7𝑅𝑅𝑒𝑒𝑖𝑖𝐷𝐷ℎ𝑖𝑖 𝑊𝑊⁄ )1.66

1+0.0114 (0.7𝑅𝑅𝑒𝑒𝑖𝑖𝐷𝐷ℎ𝑖𝑖 𝑊𝑊⁄ )1.12          (40) 

For turbulent flow the correlation derived from 
Kays [24], data with the modification of McAdams [21],  

𝑁𝑁𝑢𝑢𝑖𝑖 = 0.0158𝑅𝑅𝑒𝑒𝑖𝑖0.8[1 + (𝐷𝐷ℎ𝑖𝑖 𝑊𝑊⁄ )0.7]           (41) 

Where 𝑖𝑖 = 1, 2 (for flow 1, flow 2) 
The hydraulic diameter of the duct  

𝐷𝐷ℎ𝑖𝑖 = 4𝑊𝑊𝐻𝐻𝑔𝑔
2(𝑊𝑊+𝐻𝐻𝑔𝑔)

               (42) 

Reynolds number for upper duct, 

𝑅𝑅𝑒𝑒1 = 𝐷𝐷ℎ1𝑉𝑉𝑓𝑓1𝜌𝜌𝑓𝑓1
𝜇𝜇𝑓𝑓1

=
[4𝑊𝑊𝐻𝐻 2(𝑊𝑊+𝐻𝐻)⁄ ]�𝑚𝑚𝑚𝑚 �𝜌𝜌𝑓𝑓1𝑊𝑊𝐻𝐻�⁄ �𝜌𝜌𝑓𝑓1

𝜇𝜇𝑓𝑓1
=

2𝑚𝑚𝑚𝑚
𝜇𝜇𝑓𝑓1(𝑊𝑊+𝐻𝐻)

                (43) 

and, Reynolds number for lower duct, 

𝑅𝑅𝑒𝑒2 = 𝐷𝐷ℎ2𝑉𝑉𝑓𝑓2𝜌𝜌𝑓𝑓2
𝜇𝜇𝑓𝑓2

= 2𝑚𝑚 (1−𝑚𝑚)
𝜇𝜇𝑓𝑓2(𝑊𝑊+𝐻𝐻)

           (44) 

For v-corrugated absorber, the construction of the 
corrugated plate solar air heater (Figure 3) is similar to 
the flat plate solar air heater except the absorber plate is 
replaced by v-corrugated shape. The energy balance 
equations are same only heat transfer coefficient 
between absorber plate and flowing fluid are different. 
The developed area of the corrugated plate is greater 
than the flat plate by a factor of 1 𝑠𝑠𝑖𝑖𝑖𝑖(𝜃𝜃 2⁄ )⁄  [25] thus 
the heat transfer coefficient between absorbing plate to 
fluid is 

ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1 = 𝑁𝑁𝑢𝑢1𝑘𝑘𝑓𝑓1
𝐷𝐷ℎ1

× 1

𝑠𝑠𝑖𝑖𝑖𝑖 �𝜃𝜃2�
             (45) 

ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2 = 𝑁𝑁𝑢𝑢2𝑘𝑘𝑓𝑓2
𝐷𝐷ℎ2

× 1

𝑠𝑠𝑖𝑖𝑖𝑖 �𝜃𝜃2�
             (46) 

 

 
Fig. 3. The double flow v-corrugated absorber solar air 

heater. 
 

The approximated hydraulic diameter of the duct  

𝐷𝐷ℎ𝑖𝑖 = 𝐻𝐻𝑖𝑖 ,𝑚𝑚𝑖𝑖𝑖𝑖 + 𝑏𝑏              (47) 

Karim et al. [25] modified the Hollands and 
Shewen [26] correlation of Nusselts number (𝑁𝑁𝑢𝑢) as:  
If 𝑅𝑅𝑒𝑒 < 2800 

𝑁𝑁𝑢𝑢 = 2.821 + 0.126 𝑅𝑅𝑒𝑒 2𝑏𝑏
𝑊𝑊

            (48) 
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If 2800 ≤ 𝑅𝑅𝑒𝑒 ≤ 104 

𝑁𝑁𝑢𝑢 = 1.9 × 10−6𝑅𝑅𝑒𝑒1.79 + 225 2𝑏𝑏
𝑊𝑊

           (49) 

If 104 ≤ 𝑅𝑅𝑒𝑒 ≤ 105 

𝑁𝑁𝑢𝑢 = 0.0302𝑅𝑅𝑒𝑒0.74 + 0.242𝑅𝑅𝑒𝑒0.74 2𝑏𝑏
𝑊𝑊

          (50) 

2.3 Mean Temperature  

The mean air temperatures in the ducts can be found by 
integrating Equations 16 and 17 from 𝑑𝑑 = 0 to 𝑑𝑑 = 1, 
and the expressions are: 

𝑇𝑇𝑓𝑓1,𝑚𝑚 = �
𝑌𝑌1−

𝑀𝑀5
1−𝑚𝑚

𝑀𝑀4
(1−𝑚𝑚 )

� 𝐶𝐶1
𝑍𝑍
𝑌𝑌1
𝑒𝑒(𝑌𝑌1

𝑍𝑍 −1) + �
𝑌𝑌2−

𝑀𝑀5
1−𝑚𝑚

𝑀𝑀4
(1−𝑚𝑚 )

� 𝐶𝐶2
𝑍𝑍
𝑌𝑌2
𝑒𝑒(𝑌𝑌2

𝑍𝑍 −1) −

𝑀𝑀5
𝑀𝑀4
�𝑀𝑀3𝑀𝑀4−𝑀𝑀1𝑀𝑀6
𝑀𝑀1𝑀𝑀5−𝑀𝑀2𝑀𝑀4

� − 𝑀𝑀6
𝑀𝑀4

+ 𝑇𝑇𝑎𝑎      

                 (51) 

𝑇𝑇𝑓𝑓2,𝑚𝑚 = 𝐶𝐶1
𝑍𝑍
𝑌𝑌1
𝑒𝑒(𝑌𝑌1

𝑍𝑍 −1) + 𝐶𝐶2
𝑍𝑍
𝑌𝑌2
𝑒𝑒(𝑌𝑌2

𝑍𝑍 −1) + 𝑀𝑀3𝑀𝑀4−𝑀𝑀1𝑀𝑀6
𝑀𝑀1𝑀𝑀5−𝑀𝑀2𝑀𝑀4

+ 𝑇𝑇𝑎𝑎
                 (52) 

The overall loss coefficient is the sum of top and 
bottom loss coefficients: 

𝑈𝑈𝑊𝑊 = 𝑈𝑈𝑇𝑇 + 𝑈𝑈𝐵𝐵                (53) 

The mean absorbing plate temperature can be 
calculated by 

𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑚𝑚 = 𝐼𝐼𝛼𝛼𝑎𝑎𝑎𝑎 𝜏𝜏𝑔𝑔𝑔𝑔2 +𝑈𝑈𝑊𝑊𝑇𝑇𝑎𝑎+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1𝑇𝑇𝑓𝑓1,𝑚𝑚+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2𝑇𝑇𝑓𝑓2,𝑚𝑚
𝑈𝑈𝑊𝑊+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

        (54) 

The mean temperature of inner glass cover (gc1) 

𝑇𝑇𝑔𝑔𝑔𝑔1,𝑚𝑚 =
𝑈𝑈𝑔𝑔𝑔𝑔 1−𝑎𝑎𝑇𝑇𝑎𝑎+ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎 −𝑔𝑔𝑔𝑔 1𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑚𝑚+ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔 1𝑇𝑇𝑓𝑓1,𝑚𝑚

𝑈𝑈𝑔𝑔𝑔𝑔 1−𝑎𝑎+ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎 −𝑔𝑔𝑔𝑔 1+ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔 1
         (55) 

The mean temperature of outer glass cover (gc2) 

𝑇𝑇𝑔𝑔𝑔𝑔2,𝑚𝑚 = �ℎ𝑔𝑔 ,𝑔𝑔𝑔𝑔 1−𝑔𝑔𝑔𝑔 2+ℎ𝑟𝑟 ,𝑔𝑔𝑔𝑔 1−𝑔𝑔𝑔𝑔 2�𝑇𝑇𝑔𝑔𝑔𝑔 1,𝑚𝑚 +ℎ𝑤𝑤𝑇𝑇𝑎𝑎
ℎ𝑔𝑔 ,𝑔𝑔𝑔𝑔 1−𝑔𝑔𝑔𝑔 2+ℎ𝑟𝑟 ,𝑔𝑔𝑔𝑔 1−𝑔𝑔𝑔𝑔 2+ℎ𝑤𝑤

          (56) 

 
2.4 Thermohydraulic (Effective) Efficiency 

The net energy gain, 𝑄𝑄𝑒𝑒 , of the collector can be 
expressed as the difference between the useful thermal 
energy gain, 𝑄𝑄𝑢𝑢𝑓𝑓 , and the equivalent thermal energy 
required for producing the work energy necessary to 
overcome the pressure energy losses [27]. This net 
energy can be written as: 

𝑄𝑄𝑒𝑒 = 𝑄𝑄𝑢𝑢𝑓𝑓 − 𝑃𝑃𝑚𝑚 𝐶𝐶𝑓𝑓⁄               (57) 

Where 𝑃𝑃𝑚𝑚  is the work energy lost in friction in the 
heater channel, given by: 

𝑃𝑃𝑚𝑚 = 𝑚𝑚∆𝑃𝑃 𝜌𝜌⁄                (58) 

𝐶𝐶𝑓𝑓 is the conversion factor to transform different 
efficiencies (thermal to mechanical) and is taken 0.2 
[28].  

The pressure drop ∆𝑃𝑃  is calculated from the 
following expression; 

∆𝑃𝑃 = ∆𝑃𝑃𝑔𝑔ℎ + ∆𝑃𝑃𝑒𝑒𝑖𝑖 + ∆𝑃𝑃𝑒𝑒𝑑𝑑             (59) 

The pressure drop through the upper and lower 
channel ∆𝑃𝑃𝑔𝑔ℎ  is calculated by the relation [29-31]; 

∆𝑃𝑃𝑔𝑔ℎ = 2𝜌𝜌𝑣𝑣𝑔𝑔ℎ2 𝑓𝑓𝑊𝑊 𝐷𝐷ℎ𝑖𝑖⁄              (60) 

Hydraulic diameter for flat plate (smooth channel) 
solar air heater; 

𝐷𝐷ℎ𝑖𝑖 = 2𝐻𝐻𝑔𝑔𝑊𝑊 (𝐻𝐻𝑔𝑔 + 𝑊𝑊)⁄              (61) 

Hydraulic diameter for v-corrugated absorber solar 
air heater; 

𝐷𝐷ℎ𝑖𝑖 = 2𝐻𝐻𝑔𝑔𝑊𝑊 (𝐻𝐻𝑔𝑔 + 𝑊𝑊)⁄ × 𝑠𝑠𝑖𝑖𝑖𝑖(𝜃𝜃 2⁄ )         (62) 

The friction factor is given by [29-32]; 
For turbulent flow, 

𝑓𝑓 = 0.059𝑅𝑅𝑒𝑒−0.2             (63) 

for laminar flow 

𝑓𝑓 = 16 𝑅𝑅𝑒𝑒⁄                (64) 

The sum of the inlet and outlet pressure drop 
(∆𝑃𝑃𝑒𝑒𝑖𝑖 + ∆𝑃𝑃𝑒𝑒𝑑𝑑 ) can be determined by Hegazy [33]; 

∆𝑃𝑃𝑒𝑒𝑖𝑖 + ∆𝑃𝑃𝑒𝑒𝑑𝑑 = (𝑅𝑅𝑒𝑒𝑖𝑖 + 𝑅𝑅𝑒𝑒𝑑𝑑 ) 𝜌𝜌𝑣𝑣𝑎𝑎
2

2
            (65) 

Where the sum of the entrance and exit resistance factor 
(𝑅𝑅𝑒𝑒𝑖𝑖 + 𝑅𝑅𝑒𝑒𝑑𝑑 ) is taken 1.5 [34]. 

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

𝜂𝜂𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑄𝑄𝑒𝑒
𝐴𝐴𝑔𝑔𝐼𝐼

= 𝑄𝑄𝑢𝑢𝑓𝑓 −(𝑃𝑃𝑚𝑚 𝐶𝐶𝑓𝑓 )⁄

𝐴𝐴𝑔𝑔𝐼𝐼
             (66) 

3.  CALCULATION METHOD 

For performing the numerical calculations of this study a 
computer program in C++ language was developed 
considering the following system, operating and 
metrological parameters: 
L = 1.25 m, W = 0.80 m, Hgc = 0.025 m, Hc = 0.025 m, 
τgc = 0.875, αap = 0.96, εgc = 0.94, εap = 0.80, εbp = 0.94, 
UB≈ 0, Ta = 30 ˚C = 303 K, V = 1 m/s, b = 0.01 m, I = 
1000W/m2, m = 0.014 – 0.083 kg/s, 𝑚𝑚 = 0.2, 0.4, 0.5, 
0.6 and 0.8. 
 The physical properties including density, specific 
heat, the dynamic viscosity and the thermal conductivity 
of air have been taken at mean temperature. 

The procedure followed for determination of 
thermal and thermo hydraulic performance briefly 
explained as, 

(i) First assumed the values of Tf1,m, Tf2,m, Tap,m, 
Tgc1,m and Tgc2,m. 

(ii) By using assumed values and using Equations 
32 to 39; calculate the heat transfer coefficients. 

(iii) To check the assumed temperature values Tf1,m, 
Tf2,m, Tap,m, Tgc1,m and Tgc2,m use Equations 51 to 
56 and obtained new temperature values. If the 
calculated values of temperatures are different 
from the assumed values continued calculation 
by iteration method. These new temperatures 
will be use as the assumed temperatures for 
next iteration and the process will be repeated 
until all the newest temperatures obtained are 
their respective previous values. 
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(iv) After completing the iteration the mean 
temperature values were obtained and energy 
gain and thermal efficiency can be calculated 
by Equations 22 and 23. 

(v) By using Equation 59 calculate pressure drop 
including channel pressure drop, entrance and 
exit pressure drop, then calculate net energy 
gain and thermo hydraulic efficiency by 
Equations 57 and 66, respectively. 

4. RESULTS AND DISCUSSION 

The results of performance parameters have been 
obtained analytically for various values of system and 
operating parameters for double flow flat plate and v-
corrugated absorbers with different v-angle (θ). These 
results have been plotted to analyse the thermal and 
thermo hydraulic performance of different type of 
double flow v-corrugated absorber solar air heaters and 
results are compared with conventional solar air heater. 
 Figure 4 shows the plot of air temperature rise as a 
function of the fraction of mass flow rates (φ) for double 
flow flat plate and v-corrugated absorber solar air heater 
with different v-groove angles at mass flow rate (m) of 
0.014 kg/s. It is seen from the figure that the air 
temperature rise increases with increase in fraction of 
mass flow rate up to φ = 0.5, then there after rise in air 
temperature decreases with increasing the value of ‘φ’. 
This type of trend is observed due to fact that for φ > 
0.5, the heat losses increases because of gradual increase 
in mass flow rate through the upper channel. From the 
figure it is also seen that there is a significant gain in air 
temperature rise by v-corrugated absorber collector with 
respect to flat plate collector. It is clearly seen from the 
figure that the double flow solar air heater having 60˚ v-
angle maintains highest air temperature rise at all values 
of φ. 
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Fig. 4. Air temperature rise vs. fraction of mass flow rate. 

 
Figure 5 shows the variation of efficiency for 

different angle of v-corrugated absorbers solar air heater 
with fraction of mass flow rate for m = 0.014 kg/s. It is 
evident that the efficiency increases with increase in 
fraction of mass flow rate and reaches its peak value at φ 
= 0.5 and then it decreases gradually with increasing the 
value of ‘φ’. This characteristic behaviour appears due 
to fact that beyond φ > 0.5, loses from top increases due 
to increased amount of air mass flow rate through upper 
channel. As seen from the figure, the absorber with 60˚ 

v-angle depicts highest efficiency values among all other 
different angle of v-corrugated absorbers at all values of 
fraction of mass flow rate. 

The air temperature rise and efficiency values for 
flat and different angle of v-corrugated double flow 
solar air heaters are shown in Table 1 for three different 
mass flow rates. Inspection of table indicates that air 
temperature rise and efficiency increases with increase 
in ‘φ’, attains the maximum values at φ = 0.5 (i.e. at 
equal air mass flow rate through both channels), then 
there after it decreases gradually as it reaches at φ = 0.8. 
Such type of results is obvious due to enhance rate of 
heat losses from absorbers to surroundings, when air is 
flowing through the upper channel is high.  

Result clearly indicate that the air temperature rise 
and efficiency increases with increase in v-groove angle 
(θ), attains maximum values when θ = 60˚, then there 
after it decreases. Results also indicate that there is an 
improvement in thermal performance by replacing flat 
plate to v-corrugated absorber in double flow solar air 
heater. The efficiency of double flow v-corrugated 
absorber solar air heater is 61.58 % to 65.73 % at lower 
mass flow rate of 0.014 kg/s and 77.74 % to 78.53 % for 
higher mass flow rate of 0.083 kg/s for φ = 0.5.  
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Fig. 5. Efficiency vs. fraction of mass flow rate. 

 
 Figure 6 illustrate the variation of air temperature 
rise for flat plate and different angle of v-corrugated 
absorber solar air heaters with mass flow rate for φ = 
0.5. Figure reveals that the air temperature rise decreases 
with increase in mass flow rate for all types of 
absorbers. It is clearly 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 gain in air temperature rise drastically 
decreases at higher mass flow rate. This type of results is 
expected due to approaching equality of absorber and air 
temperature at higher mass flow rate. 

Figure 7 which shows the plot of efficiency as a 
function of mass flow rate (when φ = 0.5) for a set of 
system parameters; reveal that the efficiency 
monotonically increases with increase in mass flow rate 
apparently because of an increase in thermal 
conductance; furthermore, a slight fall is observed in the 
rate of increase of efficiency as mass flow rate increases 
apparently due to lower percentage increase in surface 
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conductance as mass flow rate increases. The 60˚ v-
angle absorber, maintains the highest efficiency value 
throughout the range of mass flow rates investigated. It 
is also observed from the figure that at lower mass flow 
rate the efficiency of 45˚ and 30˚ v-corrugated absorber 
solar air heater are higher than 90˚ and 120˚ angle 

absorber, however, as mass flow rate increases the 
efficiency of 45˚ and 30˚ angle absorber decreases due 
to flow separation and formation of vortices. 
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Fig. 6. Air temperature rise vs. mass flow rate. Fig. 7. Efficiency vs. mass flow rate. 

 
 
Table 1. The air temperature rise and efficiency for flat plate and different angles of v-corrugated double flow solar air 
heaters. 
Mass 
flow 
rate 

(kg/s) 

Fraction 
of mass 

flow rate 
(φ) 

Air temperature rise, ∆T (˚C) Efficiency (%) 

Flat 
plate 120˚ 90˚ 60˚ 45˚ 30˚ Flat 

plate 120˚ 90˚ 60˚ 45˚ 30˚ 

0.014 0.2 36.79 42.36 43.63 44.97 44.79 44.44 51.77 59.60 61.40 63.27 63.16 63.04 
 0.4 37.96 43.76 45.15 46.56 46.32 46.03 53.42 61.57 63.53 65.52 65.25 64.85 
 0.5 38.01 43.77 45.22 46.72 46.52 46.22 53.47 61.58 63.63 65.73 65.51 65.31 
 0.6 37.58 43.50 44.98 46.52 46.47 46.11 52.87 61.20 63.29 65.46 65.19 64.87 
 0.8 35.41 41.27 42.86 44.62 44.40 44.31 49.82 58.07 60.31 62.77 62.73 62.53 
0.055 0.2 13.08 13.28 13.51 13.67 13.45 13.20 72.30 73.42 74.68 75.56 74.45 73.24 
 0.4 13.29 13.73 13.88 13.94 13.86 13.67 73.50 75.89 76.76 77.07 76.65 75.57 
 0.5 13.32 13.76 13.92 13.98 13.91 13.70 73.64 76.06 76.94 77.28 76.87 75.94 
 0.6 13.28 13.75 13.91 13.98 13.90 13.70 73.44 76.03 76.93 77.28 76.87 75.74 
 0.8 12.97 13.34 13.61 13.82 13.52 13.27 71.68 73.77 75.27 76.40 75.09 73.59 
0.083 0.2 9.03 9.20 9.25 9.26 9.18 9.05 75.38 76.75 77.13 77.16 76.63 75.54 
 0.4 9.27 9.34 9.38 9.39 9.30 9.28 77.34 77.84 78.10 78.24 77.65 77.44 
 0.5 9.29 9.39 9.40 9.41 9.34 9.30 77.57 78.38 78.43 78.53 77.95 77.74 
 0.6 9.28 9.34 9.37 9.38 9.31 9.29 77.38 77.96 78.15 78.22 77.70 77.42 
 0.8 9.02 9.26 9.33 9.33 9.23 9.12 75.31 77.29 77.77 77.85 77.19 76.14 
 

The efficiency, enhancement in efficiency of 
double flow solar air heaters of different angle of v-
corrugated absorber with respect to conventional and flat 
plate double flow solar air heater (at φ = 0.5) for three 
different mass flow rate of 0.014, 0.055  and 0.083 kg/s 
are tabulated in Table 2. Comparison of the results of the 
double flow v-corrugated absorbers solar air heater of 
different v-angle solar air heaters with flat plate solar air 
heater show a substantial enhancement in efficiency. It 
has been observed from the table that the rate of 
enhancement in efficiency of v-corrugated absorbers is 
more pronounced at lower mass flow rate than higher 
mass flow rate lower mass flow rate of 0.014 kg/s. This 

corresponds to. The efficiency increases from 61.58 % 
to 65.73 % as angle of v-corrugated absorber vary from 
30˚ to 120˚ at 15.16 % to 22.93 % enhancement in 
efficiency as compared to flat plate double flow solar air 
heater. Results also show that the highest percentage 
enhancement in efficiency of double flow 60˚ v-
corrugated absorber solar air heater at lower mass flow 
rate of 0.014 kg/s is found to be 171.17% over 
conventional plane solar air heater and 22.93% for 
double flow flat plate solar air heater and these values 
are 54.58 % and 1.23 % respectively for highest mass 
flow rate of 0.083 kg/s. 
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Table 2. Efficiency and enhancement in efficiencies for double flow solar air heater for different angle of v-corrugated 
absorber for φ = 0.5. 
Mass flow 
rate (kg/s)  CSAH Flat plate 120˚ 90˚ 60˚ 45˚ 30˚ 

0.014 η 24.23 53.47 61.58 63.63 65.73 65.51 65.31 
 EηC (%) _ 120.68 154.15 162.61 171.17 170.36 169.54 
 EηFP (%) _ _ 15.16 19.00 22.93 22.52 22.14 
0.055 η 44.83 73.64 76.06 76.94 77.28 76.87 75.94 
 EηC (%) _ 64.26 69.66 71.62 72.38 71.47 69.39 
 EηFP (%) _ _ 3.28 4.48 4.94 4.38 3.12 
0.083 η 50.80 77.57 78.38 78.43 78.53 77.95 77.74 
 EηC (%) _ 52.69 54.29 54.39 54.58 53.44 53.03 
 EηFP (%) _ _ 1.04 1.11 1.23 0.49 0.22 
CSAH: Conventional solar air heater. 
EηC: Enhancement in efficiency with respect to CSAH. 

EηFP: Enhancement in efficiency with respect to double flow flat plate solar air heater. 
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Fig. 8. Channel pressure drop vs. mass flow rate. Fig. 9. Thermohydraulic efficiency vs. mass flow rate. 

 
 

The effect of mass flow rate on the channel 
pressure drop is shown in Figure 8. It is clearly seen 
from figure that, the pressure drop increases with 
increase in mass flow rate. This is because of fact that 
increase in mass flow rate increases the velocity of air 
leading to higher pressure drop. It is seen that the v-
corrugated absorbers have higher pressure drop as 
compared to flat plate collector because of increased 
friction. The 30˚ v-corrugated air heater shows the 
highest pressure drop, this is probably due to increased 
surface area causes increased resistance during air flow. 

Figure 9 shows the thermohydraulic efficiency as a 
function of mass flow rate of air for flat plate and 
various angle of v-corrugated absorber solar air heaters. 
It is seen from the plot that the thermohydraulic 
efficiency increases with increase in mass flow rate up 
to a critical value of flow rate at which it attains a 
maximum value and subsequently decreases for all 
collectors. Results indicate that thermohydraulic 
efficiency of double flow flat plate solar air heater 
reaches maximum value at m = 0.062 kg/s whereas for 
other collectors pick values of thermohydraulic 
efficiency shifted towards lower mass flow rates. This 
type of trends is observed due to increase in pressure 

drop of flowing air in case of corrugated absorber. 
Again most efficient 60˚ v-corrugated double flow solar 
air heater attains maximum value of thermohydraulic 
efficiency at m = 0.045 kg/s. 

5.  MATHEMATICAL MODEL VALIDATION   

The present mathematical models of solar air 
heaters have been compared with the experimental 
values obtained from Ho-Ming Yeh et al. [3] and El 
Sebaii et al. [11]. Figure 10 shows the comparison of 
analytical and experimental values of efficiency with 
fraction of mass flow rate. The maximum deviation of 
analytical values of efficiency is  2.27 %  from the 
experimental values of Ho-Ming Yeh et al. [3]. Figure 
11 shows the comparison of analytical with 
experimental values of thermal efficiency of El Sebaii et 
al. [11] of double flow flat plate and 60˚ v-corrugated 
absorber solar air heater. The maximum deviation in 
efficiency for flat plate and 60˚ v-corrugated collectors 
are found to be ±5.47 % and 4.46 % respectively. This 
shows good resemblance of analytical and experimental 
values which makes validation of calculated numerical 
data with present mathematical modelling. 
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Fig. 10. Comparison of analytical efficiency data with 

available experimental data Ho-Ming Yeh [3]. 
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Fig. 11. Comparison of analytical efficiency data with 

available experimental data of El Sebaii [11]. 

6. CONCLUSIONS 

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

(i) The mathematical model for double flow solar 
air heater have been developed to study the 
effect of mass flow rate, fraction of mass flow 
rate and angle of v-corrugated absorber on the 
thermal and thermohydraulic performance of 
collector. 

(ii) A computer program in C++ language has been 
developed to solve the mathematical model and 
obtained the results of air temperature rise, 
efficiency, pressure drop and effective 
efficiency to analyze the effect of system and 
operating parameters.  

(iii) The mass flow rate should be equal in both 
flow channel of double flow solar air heater i.e. 
fraction of mass flow rate is 0.5, for the best 
thermal and thermohydraulic performance. 

(iv) It is observed that efficiency increases with 
increase in mass flow rate but effective 
efficiency increases upto a certain limit of mass 
flow rate and there after it decreases.  

(v) All v-corrugated absorber double flow 
collectors have perform better than flat plate 
collector. However, among all v-corrugated 
absorber, 60˚ angle v-corrugated absorber 
collector have the best thermal and 
thermohydraulic performance.  

(vi) The analytical and experimental values of 
thermal efficiency have been found to compare 
reasonably well in the range of parameters 
investigated. The percentage deviation in 
efficiency of double flow flat plate and 60˚ v-
corrugated absorber solar air heater is found to 
be in the range of ±5.47 %  and 4.46 % 
respectively. 

NOMENCLATURE 

𝐴𝐴𝑔𝑔  area of collector (m2) 
𝑏𝑏 half height of v-groove (m) 
𝐶𝐶𝑎𝑎  specific heat of air at constant pressure (J/kg K) 
𝐷𝐷ℎ  hydraulic diameter (m) 
𝑓𝑓 friction coefficient 
ℎ convective heat transfer coefficient (W/m2 K) 
𝐻𝐻𝑔𝑔  average height of air flow channel (m) 
𝐻𝐻𝑔𝑔𝑔𝑔  height of glass cover (m) 
𝐼𝐼 insolation (W/m2) 
𝑘𝑘 thermal conductivity (W/m K) 
𝑊𝑊 collector length (m) 
𝑙𝑙 thickness (m) 
𝑚𝑚 mass flow rate (kg/s) 
𝑁𝑁𝑢𝑢 Nusselt number 
𝑄𝑄 energy gain by air (W) 
𝑅𝑅 resistance factor 
𝑅𝑅𝑒𝑒 Reynolds number 
𝑇𝑇 temperature (K) 
𝑈𝑈 loss coefficient (W/m2 K) 
𝑉𝑉 velocity of wind (m/s) 
𝑣𝑣 velocity of air (m/s) 
𝑊𝑊 collector width (m) 
Greek symbols 
𝛼𝛼 absorptivity 
𝜀𝜀 emissivity 
𝑚𝑚 fraction of mass flow rate 
∆𝑃𝑃 pressure drop (N/m2) 
𝜂𝜂 efficiency 
𝜇𝜇 viscosity of air (Ns/m2) 
𝜌𝜌 density of air (kg/m3) 
𝜎𝜎 Stefan-Boltzmann constant (W/m2 K4) 
𝜏𝜏 transmissivity 
𝜃𝜃 angle of v-groove absorbing plate (˚) 
Subscripts 
𝑎𝑎 ambient 
𝑎𝑎𝑎𝑎 absorber plate 
𝐵𝐵 bottom 
𝑏𝑏𝑎𝑎 bottom plate 
c convective 
𝑔𝑔ℎ channel 
𝑒𝑒 net 
𝑒𝑒𝑖𝑖 entrance 
𝑒𝑒𝑑𝑑 exit 
𝑓𝑓 total flow  
𝑓𝑓1 flow above the absorber plate 
𝑓𝑓2 flow under the absorber plate 
𝑔𝑔𝑔𝑔 glass cover 
𝑔𝑔𝑔𝑔1 lower glass cover 
𝑔𝑔𝑔𝑔2 upper glass cover 
𝑖𝑖𝑖𝑖 inlet 
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𝑊𝑊 overall 
𝑚𝑚 mean 
𝑚𝑚𝑎𝑎𝑑𝑑 maximum 
𝑚𝑚𝑖𝑖𝑖𝑖 minimum 
𝑜𝑜 outlet 
𝑟𝑟 radiative 
𝑇𝑇 top 
𝑒𝑒𝑓𝑓𝑓𝑓thermohydraulic (effective) 
𝑢𝑢 useful 
𝑤𝑤 wind 
1            duct above the absorber plate 
2          duct under the absorber plate 
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APPENDIX A 
 

𝐽𝐽1 = 𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2
𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

    (1) 

𝐽𝐽2 = ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2
𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

    (2) 

𝐽𝐽3 = 𝐼𝐼𝛼𝛼𝑎𝑎𝑎𝑎 𝜏𝜏𝑔𝑔𝑔𝑔2

𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2
    (3) 

𝐽𝐽4 = 1
ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎 −𝑔𝑔𝑔𝑔 1+ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔 1+𝑈𝑈𝑔𝑔𝑔𝑔 1−𝑎𝑎

    (4) 

𝐽𝐽5 = 𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1
𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

    (5) 

𝐽𝐽6 = ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1
𝑈𝑈𝑇𝑇+𝑈𝑈𝐵𝐵+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓1+ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎 −𝑓𝑓2

    (6) 

𝐽𝐽7 = 1
ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎 −𝑏𝑏𝑎𝑎 +ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎 +𝑈𝑈𝑏𝑏𝑎𝑎 −𝑎𝑎

              (7) 

𝑀𝑀1 = −𝐽𝐽1ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1 − 𝐽𝐽4ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔1𝑈𝑈𝑔𝑔𝑔𝑔1−𝑎𝑎 −
𝐽𝐽1𝐽𝐽4ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔1ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1               (8) 

𝑀𝑀2 = 𝐽𝐽2ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1 + 𝐽𝐽2𝐽𝐽4ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔1ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1   (9) 

𝑀𝑀3 = 𝐽𝐽3ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓1 + 𝐽𝐽3𝐽𝐽4ℎ𝑔𝑔 ,𝑓𝑓1−𝑔𝑔𝑔𝑔1ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑔𝑔𝑔𝑔1         (10) 

𝑀𝑀4 = 𝐽𝐽6ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2 + 𝐽𝐽6𝐽𝐽7ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎 ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎          (11) 

𝑀𝑀5 = −𝐽𝐽5ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2 − 𝐽𝐽7ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎𝑈𝑈𝑏𝑏𝑎𝑎−𝑎𝑎 −
𝐽𝐽5𝐽𝐽7ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎 ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎              (12) 

𝑀𝑀6 = 𝐽𝐽3ℎ𝑔𝑔 ,𝑎𝑎𝑎𝑎−𝑓𝑓2 + 𝐽𝐽3𝐽𝐽7ℎ𝑔𝑔 ,𝑓𝑓2−𝑏𝑏𝑎𝑎 ℎ𝑟𝑟 ,𝑎𝑎𝑎𝑎−𝑏𝑏𝑎𝑎          (13) 
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