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This paper deals with the theoretical analysis of a parallel flow solar air heater (SAH) 

having an absorber plate roughened with arc shaped wires. The absorber plate that forms 

the upper and lower ducts is roughened on its upper side only. A mathematical model 

describing the fluid flow and heat transfer characteristics of such a parallel flow 

roughened absorber plate SAH has been developed to study the effects of various 

operating and systems parameters on thermal performance of the SAH. The governing 

energy equations have been solved by iterative method using computer codes in 

MATLAB. A comparison between the theoretical results obtained and experimental 

results available in the literature has been made which shows a good agreement between 

the results. The thermal efficiency of parallel flow roughened SAH has been found 

nearly 8-10% higher than the smooth parallel flow SAH operating under similar 

conditions. 
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1. INTRODUCTION

Energy is main agent in wealth generation and economic 

development. The demand of energy is increasing greatly day-

by-day because of rapid increase in the world population. 

Generation of power from non-renewable energy sources 

causes environmental degradation. Hence there is a need for 

harnessing non-conventional energy resources. Among all the 

non-conventional (renewable) energy resources, the solar 

energy is the most abundant, freely available, and 

inexhaustible clean energy source. The solar energy is directly 

converted into electrical energy by photovoltaic solar cell and 

into thermal energy using solar collectors (solar air and water 

heaters) [1]. 

A solar air heater is very useful for low grade thermal 

energy applications such as space heating, timber curing and 

drying of agricultural products etc. due to its simple 

construction and easy operation, low maintenance and low 

capital costs. The performance of a solar collector depends 

upon how much heat is picked up by working fluid from the 

collector. The performance of the solar air heater can be 

increased by - increasing the heat transfer coefficient between 

the absorber plate and the air by using artificially roughened 

absorber plates, increasing the heat transfer area by using fins 

on absorber plate or packing the duct with porous absorber 

materials. 

The low heat transfer coefficient, thereby, low heat transfer 

rate between flat plate absorber and air causes lower thermal 

efficiency of flat plate solar air heater. When air flows through 

the duct of a solar air heater, a laminar sub-layer is formed 

adjacent to absorber surface that decreases the heat transfer to 

the flowing air and so the thermal efficiency. The use of 

artificial roughness on the absorber plate on air flow side 

breaks the viscous sub-layer formed in the zone of turbulent 

boundary layer which creates local wall turbulence adjacent to 

the surface of absorber plate and hence heat transfer 

coefficient and therefore rate of heat transfer between absorber 

plate and air flowing over the absorber increases. Energy 

required to create turbulence comes from the blower or fan 

thus, excessive turbulence may result in greater power 

requirements for the blower, which requires a judicious choice 

of roughness element and its geometry [1]. 

The artificial roughness on the absorber surface of SAH can 

be created by several methods such as providing sand grains 

roughness by sand blasting the surface, using dimple shaped 

protrusion and rib type roughness. The artificial roughness 

could be of several shapes such as groove and ridge type or rib 

type, fins and wires. 

The Researchers have been tried different designs of 

roughness elements in the past which increase heat transfer 

with acceptable frictional losses. A review on use of roughness 

elements of different geometries in SAH has been presented 

by Saini and Singal [2]. Saini, S.K. and Saini, R.P. [3] have 

developed correlations for Nusselt number and friction factor 

for SAH having arc-shaped wires as artificial roughness on the 

absorber plate. Ozgen et al. [4] performed experimental 

investigation on thermal performance of a double-flow SAH 

having aluminium cans. Prasad and Saini [5] have conducted 

experimental investigation of heat transfer and flow friction 

characteristics for artificially roughened SAH duct with 

transverse rib roughness. An analytical model of thermal 

performance of double parallel flow and double pass counter 

flow has been developed by Hernández and Quiñonez [6]. 

Yadav and Kaushal [7] performed exergy analysis of solar air 

heater having arc shape oriented protrusions as roughness 

element. Gill et al. [8] obtained heat transfer and friction 

characteristics of solar air heater having broken arc shaped ribs 

combined with staggered rib piece on absorber plate. Sahu and 

Prasad [9] performed thermohydraulic analysis of an arc shape 

wire roughened single flow SAH. Gabhane and Kanase-Patil 
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[10] performed experimental analysis of double flow solar air 

heater with multiple C- shape roughness.  

A summary of correlations developed/used by different 

researchers for performance evaluation of SAHs with different 

roughness elements and geometries are given in Table 1. 

The previous literature reveals that roughened SAHs 

perform much better than the conventional SAH because of 

the turbulence created near the absorber plate surface. The 

investigation of thermal performance of parallel flow solar air 

heaters has been of considerable interest of the previous 

researchers. In view of this, an analytical study of parallel flow 

SAH with arc-shape wires as artificial roughness on absorber 

plate has been performed to investigate the effects of various 

system and operating parameters on the thermal performance 

and to arrive at conclusions which may be useful for a designer 

to design such SAH. The galvanised iron (GI) wires in form of 

parallel arc-shape have been considered as roughness on the 

absorber plate at upper duct, formed between absorber plate 

and glass cover, and back side of the absorber plate as smooth 

which forms the lower duct. The parameters such as relative 

roughness height (e/d = 0.02 to 0.06), Reynolds number (Re = 

1000 to 40,000), collector length (L = 1 to 2.5 m), duct depth 

(H= 0.02 to 0.2 m), solar insolation (S = 800 to 1000W/m2), 

atmospheric air temperature (Ta = 300 to 330 K) and relative 

arc angle (α/90 = 0.45) have been considered for evaluation of 

the theoretical results. 

 

Table 1. Few important works on roughened solar air heaters 

 

Authors 

Range of roughness elements & 

operating 

Parameters 

Correlations developed/used by the authors 

Saini, S.K. and Saini, 

R.P. [3] 

Arc-shaped wire 

e/d = 0.0213 to 0.0422 

α/90 = 0.3333 to 0.6666 

Re = 2000 to 17,000 

Nu= 0.001047Re1.3186(e/d)0.3772(α/90)0.1198 

f = 0.14408Re0.17103(e/d)0.1765(α/90)0.1185 

Ozgen et al. [4] 

Aluminium cans 

m = 0.03 kg/s and 0.05 kg/s 

 

𝜂𝑚=0.03 = 0.5906 − 13.774 [
𝑇𝑎,𝑖𝑛 − 𝑇𝑎𝑚𝑏

𝐼
] 

𝜂𝑚=0.05 = 0.7273 − 14.900 [
𝑇𝑎,𝑖𝑛 − 𝑇𝑎𝑚𝑏

𝐼
] 

Prasad and Saini [5] 

Transverse rib wires 

e/D = 0.020-0.033 

P/e = 10-20 

Re = 5000-50000 

 

𝑺𝒕 =

𝒇
𝟐

𝟏 + √𝒇
𝟐
[𝟒. 𝟓(𝒆+)𝟎.𝟐𝟖 𝑷𝒓𝟎.𝟓𝟕−𝟎. 𝟗𝟓(𝑷/𝒆)𝟎.𝟓𝟑]

 

𝒇 =
𝟐

[𝟎. 𝟗𝟓(𝑷/𝒆)𝟎.𝟓𝟑 + 𝟐. 𝟓 𝒍𝒏(𝑫/𝟐𝒆) − 𝟑. 𝟕𝟓]𝟐
 

Yadav and Kaushal [7] 

Arc shape protrusions as 

roughness 

e/d = 0.015–0.03 

P/e = 12–24 

Re = 1000–40,000 

Arc angle, α = 45–75o 

UL = 5W/m2 K 

ΔT/G = 0.06–0.0025 K m2/W 

𝑁𝑢 = 0.154 × 𝑅𝑒1.017×(
𝑃

𝑒
)
−0.38

× (
𝑒

𝑑
)
0.521

× (
𝛼

60
)
−0.213

× 

𝑒𝑥𝑝 (−2.023 (𝑙𝑛 (
𝛼

60
))

2

) 𝑓

= 7.207 × 𝑅𝑒−0.56×(
𝑃

𝑒
)
−0.18

× (
𝑒

𝑑
)
0.176

× (
𝛼

60
)
0.038

× 

𝑒𝑥𝑝 (−1.412 (𝑙𝑛 (
𝛼

60
))

2

) 

Sahu and Prasad [9] 

Arc shape wire  

Re = 2000-35,000 

I = 600-1000 W/m2 

H = 0.030-0.050 m 

f = 0.085Re-0.25 for smooth plate solar heater 

f = 0.14408Re-0.17103(e/d)0.1765(α/90)0.1185 

Nu= 0.001047Re1.3186(e/d)0.3772(α/90)0.1198 

Gabhane and Kanase-

Patil [10] 

Multiple C shape roughness 

Re = 3000, 6000, 9000, 12000, 

15000 

P/e = 8, 16, 24, 32, 40 

α = 30, 45, 60 

Nu= 0.20627(Re)-0.8087(P/e)0.03724(α/90)0.2735 

f = 0.9123(Re)-0.28379(P/e)-0.14847 (α/90)-0.12127 

St = 0.27234(Re)-0.19129(P/e)-0.03725 (α/90)0.27358 

TPP = 2.21212(Re)0.041(P/e)0.01857 (α/90)0.31078 

Gupta et al. [11] 

Transverse wires 

5 ˂ e+ ˂ 70 

Re = 3000 – 18000 

e/D = 0.018 – 0.052 

P/e = 10 

W/H = 6.8 – 11.5 

𝒇 = 𝟎. 𝟎𝟔𝟒𝟏𝟐(𝒆/𝑫)𝟎.𝟎𝟏𝟗(𝑾/𝑯)𝟎.𝟐𝟑𝟕(𝑹𝒆)−𝟎.𝟏𝟖𝟓 

𝑵𝒖 = 𝟎. 𝟎𝟎𝟑𝟎𝟕(𝒆/𝑫)−𝟎.𝟒𝟔𝟗(𝑾/𝑯)𝟎.𝟐𝟒𝟓 𝑹𝒆𝟎.𝟖𝟏𝟐  

Verma and Prasad [12] 

Transverse wire ribs 

e/D = 0.040 

P/e = 10 

I = 800 W/m2 

For Re+ ≤ 24 

𝑁𝑢 = 0.08596(𝑒/𝐷)0.072(𝑃/𝑒)−0.054 𝑅𝑒0.732  

For Re+ ˃ 24 

𝑁𝑢 = 0.02954(𝑒/𝐷)0.021(𝑃/𝑒)−0.016 𝑅𝑒0.802  

𝑓 = 0.0245(𝑒/𝐷)0.243(𝑃/𝑒)−0.206 𝑅𝑒−1.25  

Momin et al. [13] 

V-shape ribs 

e/D = 0.02-0.034 

P/e = 10 

Re=2500-18000 

α=30°-60° 

𝑵𝒖 = 𝟎. 𝟎𝟔𝟕(𝒆/𝒅)𝟎. 𝟒𝟐𝟒(𝜶/𝟔𝟎) − 𝟎. 𝟎𝟕𝟕𝑹𝒆𝟎 . 𝟖𝟖𝟖 
𝒆𝒙𝒑[ − 𝟎. 𝟕𝟖𝟐 𝒍𝒏(𝜶/𝟔𝟎)𝟐] 

𝒇 = 𝟔. 𝟐𝟔𝟔(𝒆/𝑫)𝟎.𝟓𝟔𝟓(𝜶/𝟔𝟎)−𝟎.𝟎𝟗𝟑 𝑹𝒆−𝟎.𝟒𝟐𝟓  
𝒆𝒙𝒑[ − 𝟎. 𝟕𝟏𝟗{𝒍𝒏(𝜶/𝟔𝟎)}𝟐] 

Ho et al. [14] 
SAH with recycle 

m = 38.52, 57.96 and 77.04 kg/s 
𝑁𝑢𝑖 =

ℎ𝑖𝐷ℎ

𝑘
= 0.0158𝑅𝑒ℎ,𝑖

0.8[ 1 + (𝐷ℎ𝑖/𝐿)
0.7], 𝑖 = 1,2 

2



 

I = 830 and 

1100 J/s m2 

Karmare and Tikekar 

[15] 

Metal grit ribs 

e/D = 0.040 

P/e = 10 

l/s = 1.72 

I = 800 W/m2 

𝑁𝑢 = 2.4 × 10−3 × 𝑅𝑒1.3( 𝑒/𝐷)0.42 
(𝑙/𝑠)−0.146 × (𝑃/𝑒)−0.27 

𝑓 = 15.55 × 𝑅𝑒−0.263×(𝑒/𝐷)0.91 
(𝑙/𝑠)−0.27 × (𝑃/𝑒)−0.51 

Aharwal et al. [16] 

Inclined rib with gap 

e/D = 0.0377 

P/e = 10 

Re = 3000-18000 

α = 60° 

L2/H = 5.84 

g/e = 0.5-2.0 

d/w = 0.1667-0.667 

𝑵𝒖 = 𝟎. 𝟎𝟏𝟐𝑹𝒆𝟏.𝟏𝟒𝟖( 𝒆/𝑫)𝟎.𝟓𝟏 
[𝟏 − (𝟎. 𝟐𝟓 − 𝒅/𝒘)𝟐(𝟎. 𝟎𝟏(𝟏 − 𝒈/𝒆)𝟐)] 

 𝒇 = 𝟎. 𝟓𝑹𝒆−𝟎.𝟎𝟖𝟑𝟔( 𝒆/𝑫)𝟎.𝟕𝟐 

Gupta and Kaushik [17] 

Metal mesh Roughened absorber 

plate 

e/d = 0.01-0.05 

Relative short way lengths 

s/e = 15-45, V∞ = 1.5 m/s 

β = 30o, Ts = 5600K 

e = Rib height (m) 

s = short way of mesh, entropy 

(mJ/kg K) 

𝑁𝑢 = 40 × 10−4 𝑅𝑒1.22×(
𝑒

𝑑𝑒
)
0.625

× (
𝑠

10𝑒
)
2.22

× (
𝑙

10𝑒
)
2.66

× 

𝑒𝑥𝑝 (−1.25 (𝑙𝑛 (
𝑠

10𝑒
))

2

) × 𝑒𝑥𝑝 (−0.824(𝑙𝑛 (
𝑙

10𝑒
))

2

) 

For Smooth duct 

f = 0.0791(Re)−0.25 

For roughened duct 

𝑓 = 0.815 × 𝑅𝑒−0.361×(
𝑃

𝑒
)
−0.18

× (
10𝑒

𝑑𝑒
)
0.591

× (
𝑙

𝑒
)
0.266

× (
𝑠

10𝑒
)
−0.19

 

Hans et al. [18] 

Multiple V-ribs 

e/D = 0.019-0.043 

P/e = 6-12 

Re = 2000-20000 

α = 30-60° 

W/w = 1-10 

𝑵𝒖 = 𝟑. 𝟑𝟓 × 𝟏𝟎−𝟓 𝑹𝒆𝟎.𝟗𝟐( 𝒆/𝑫)𝟎.𝟕𝟕(𝑾/𝒘)𝟎.𝟒𝟑(𝜶/𝟗𝟎)−𝟎.𝟒𝟗 
𝒆𝒙𝒑[ − 𝟎. 𝟏𝟏𝟕𝟕(𝒍𝒏(𝑾/𝒘))𝟐] 𝒆𝒙𝒑[ − 𝟎. 𝟎𝟔𝟏(𝒍𝒏(𝜶/𝟗𝟎))𝟐] 
(𝑷/𝒆)𝟎. 𝟖𝟓𝟒𝒆𝒙𝒑[ − 𝟐. 𝟎𝟒𝟎𝟕(𝒍𝒏(𝑷/𝒆))𝟐] 

𝒇 = 𝟒. 𝟒𝟕 × 𝟏𝟎−𝟒 𝑹𝒆−𝟎.𝟑𝟏𝟖𝟖( 𝒆/𝑫)𝟎.𝟕𝟑(𝑾/𝒘)𝟎.𝟐𝟐 
(𝜶/𝟗𝟎)−𝟎.𝟑𝟗 𝒆𝒙𝒑[ − 𝟎. 𝟓𝟐(𝒍𝒏(𝜶/𝟗𝟎))𝟐] 
(𝑷/𝒆)𝟖.𝟗 𝒆𝒙𝒑[ − 𝟐. 𝟏𝟑𝟑(𝒍𝒏(𝑷/𝒆))𝟐] 

Bhushan and Singh [19] 

Protruded ribs 

e/D = 0.03 

S/e = 18.75-37.50 

L/e = 25-37.50 

d/D = 0.147-0.367 

Re = 4000-20000 

L2/H = 10 

𝑵𝒖 = 𝟐. 𝟏 × 𝟏𝟎−𝟖𝟖 𝑹𝒆𝟏.𝟒𝟓𝟐( 𝑺/𝒆)𝟏𝟐.𝟗𝟒(𝑳/𝒆)𝟗𝟗.𝟐(𝒅/𝑫)−𝟑.𝟗 
× 𝒆𝒙𝒑[ − 𝟏𝟎. 𝟒{𝒍𝒏( 𝑺/𝒆)}𝟐] 
× 𝒆𝒙𝒑[ − 𝟕𝟕. 𝟐{𝒍𝒏( 𝑳/𝒆)}𝟐] 𝒆𝒙𝒑[ − 𝟕. 𝟖𝟑{𝒍𝒏( 𝒅/𝑫)}𝟐] 
𝒇 = 𝟐. 𝟑 × 𝑹𝒆−𝟎.𝟐𝟎𝟏( 𝑺/𝒆)−𝟎.𝟑𝟖𝟑(𝑳/𝒆)−𝟎.𝟒𝟖𝟒(𝒅/𝑫)𝟎.𝟏𝟑𝟑 

 

 

2. MATHEMATICAL MODELING OF THE THERMAL 

AND FLUID FLOW BEHAVIOUR OF PARALLEL 

FLOW SOLAR AIR HEATER  

 

A parallel flow SAH having arc shaped wires on the 

absorber plate in upper duct side and smooth in lower duct side 

as shown in Figure 1, has been considered for analysis. The 

SAH consists of single glass cover, a single side roughened 

absorber plate, smooth back plate. The glass cover and 

roughened absorber plate forms upper duct and lower duct is 

formed between absorber plate and back plate. Two parallel 

air stream is flowing steadily with same or different mass flow 

rates in upper and lower ducts to be heated. Different heat 

transfer coefficients involved in the analysis are shown in the 

Figure 1(a) and top view (upper duct side) of the absorber plate 

is shown in the Figure 1(b). 

 

 

 
 

Figure 1. (a) Heat transfer coefficients in the double-flow 

solar air heater. (b) Arc shape absorber plate with wire rib 

roughness 

 

2.1 Energy balance equations  

 

The energy balance equations for the system are presented 

below with the following assumptions undertaken.  

 The collector system operates under steady state 

condition. 

 The temperature of the air passing through the 

collector ducts varies only in air flow direction (i.e. 

along collector length only)  

 There is no temperature gradient across the thickness 

of the glass covers, absorber plate and back plate. 
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 The effects of kinetic energy and potential energy are 

negligible. 

 The thermal resistance at the artificially roughened 

surfaces is negligible. 

 There is no internal heat generation 

For glass cover 

 

,

,

( )

( ) ( ) 0
u u

g r p g p g

c g f f g t g a

S h T T

h T T U T T

 −

−

+ −

+ − − − =
 (1) 

 

For air flowing between glass cover and absorber plate 

 

0)()(
1,, =−−+− −− ufugfgcfpfpc qTThTTh

uuu  
(2) 

 

For absorber plate 

 

, ,

, ,

( ) ( )

( ) ( ) 0

u u

l l

p g r p g p g c p f p f

r p b p b c p f p f

S h T T h T T

h T T h T T

  − −

− −

− − − −

− − − − =
 (3) 

 

For air flowing between absorber plate and base plate 

 

0)()(
2

,, =−−+− −− ufbfpcfpfpc qTThTTh
llll  

(4) 

 

For back plate 

 

, ,( ) ( )

( ) 0

l lr p b p b c b f b f

b b a

h T T h T T

U T T

− −− − −

− − =
 (5) 

 

After rearranging Eq. (1), the glass cover temperature Tg is 

given by 

 

gprfgct

pgprffgcat

g
hhU

ThThTU
T

u

uu

−−

−−

++

++
=

,,

,,

 

(6) 

 

Similarly, the temperature of the back plate Tb is given by 

rearranging the Eq. (5) 

 

bprfbcb

pbprffbcab

b
hhU

ThThTU
T

l

ll

−−

−−

++

++
=

,,

,,

 

(7) 

 

Putting the value of Tg and Tb in Eq. (3), the absorber plate 

temperature Tp can be obtained as 

 

1 2 , 1 1 , 2

, 2 , , 1

, 2 , 1

, , 1 2 , , 2

, , 1

( )

( )

( )

( ) ( )

( )

u u

l l l

u l u

l

p g c p f r p g f

c p f c f b r b p f

r p g t r p b b a

p

c p f c p f r p g t c b f

r p b b c b f

SS S h S h h S T

h S h h S T

h U S h U S T
T

h h S S h U h S

h U h S

  − −

− − −

− −

− − − −

− −

+ +

+ +

+ +
=

+ + +

+ +

 
(8) 

 

where, 

 

gprfgct hhUS
u −− ++= ,,1  

(9) 

 

bprfbcb hhUS
l −− ++= ,,2  

(10) 

After substituting, Eqns. (6) and (8) in Eq. (2) and Eq. (7) 

and (8) in Eq. (4), and rearranging, the expressions of the 

useful energy gain of fluid passing through upper and lower 

ducts are obtained as given in the following equations 

respectively. 

 

1

,

, 1 , ,

1

( )

( )( )

u u

u u u

c g f t a f

c p f c g f r p g p f

u

h U T T

h S h h T T
q

S

−

− − −

−

+ + −
=  

(11) 

 

2

,

, 2 , ,

2

( )

( )( )

l l

l l l

c b f b a f

c p f c b f r p b p f

u

h U T T

h S h h T T
q

S

−

− − −

−

+ + −
=  

(12) 

 

Addition of Eqns. (11) and (12) yields the total useful 

energy gain by the air flowing through the ducts 

 

1 2

1 2[ ( ) ( )]
u l

u u u

p g t f a t f a

q q q

F S U T T U T T 

= + =

− − − −
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Ul= Ut1+ Ut2 (18) 

 

From Eq. (13)  
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(19) 

 

where, Tf is average temperature of the air at a distance x from 

inlet to the collector (Figure 2) and is given by 
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(20) 

 

2.2 Temperature distributions of air along the collector 

length 

 

Considering the heat flows into and out of a control volume, 
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marked by dotted lines, of thickness Δx and width W at a 

distance x from the entrance of the collector as shown in 

Figure 2.  

Let the temperature of the air in the upper and lower ducts 

at a distance x from the leading edge of the absorber plate is 

𝑇𝑓𝑢(𝑥)  and 𝑇𝑓𝑙(𝑥)  respectively and at distance (x + Δx) is 

𝑇𝑓𝑢(𝑥 + 𝛥𝑥) and 𝑇𝑓𝑙(𝑥 + 𝛥𝑥) respectively. 

 

 
 

Figure 2. Energy balance of a control volume at a distance x 

from the entrance edge of the absorber plate 

 

The energy balance of the control volume shown in Figure 

2. for each air stream in upper and lower ducts inside the 

collector, respectively results 
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where, m1 and m2 are the mass flow rates of air in upper and 

lower ducts and Cp is the specific heat of air at constant 

pressure.  

From Eqns. (21) and (22) 
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Taking Lt.Δx → 0, the above two equations are converted 

in to following linear differential equations 
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After substituting values of 𝑞𝑢1  and 𝑞𝑢2 into the Eqns. (2) 

and (4) respectively and rearranging them, following 

expressions are obtained 
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2.3 Evaluation of heat transfer coefficients 

 

The radiative heat transfer coefficient between glass cover 

and sky, by considering sky as a black body, is given as; 
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where, the sky temperature Ts is given by [20]. 

Ts = 0.0552(Ta )1.5 

And Convective heat transfer coefficient due to wind (for 0 

≤ Vw ≤ 5 m/s) is given by [20] 

 

hw = 5.7 + 3.8 Vw (33) 

 

The radiative heat transfer coefficient between glass cover 

and absorber plate hr,p-g evaluated [21, 22], 
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(33) 

 

The radiation heat transfer coefficient between absorber 

plate and back plate can be calculated using equation, given by 

[23, 24], 
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(34) 
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The Convective heat transfer coefficient between glass 

cover and air flowing between glass cover and absorber plate 

is given by 

 

h
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KNu
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=−,

 

 

 

where, 

Nusselt number, Nu = 0.0158Re0.8 [25, 26] 

Hydraulic diameter, 𝐷ℎ =
2×𝑊×𝐻

(𝑊+𝐻)
 

The Convective heat transfer coefficient between 

roughened absorber plate and air flowing in the upper duct is 

given by 
 

h

ar
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KNu
h
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where, 

Nusselt number, Nur = 

0.001047×Re1.3186×(e/d)0.3772×(α/90)-0.1198 [3] 

Thermo-physical properties, i.e., dynamic viscosity (μ), 

specific heat (Cp) and thermal conductivity (k) of air were 

calculated using the following relations [27, 28]. 
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The back loss coefficient (Ub) and side loss coefficient (Us) 

are respectively given by 
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Correlation used for evaluation of top loss coefficient is 

given by Klein 
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2.4 Thermal efficiency 

 

Thermal efficiency of a solar air heater is defined as the ratio 

of useful energy gain to the incident solar energy on the 

absorber plate and is given by 
 

p

u
th

SA

Q
=

 

(35) 

 

2.5 Thermohydraulic efficiency 
 

The thermo-hydraulic efficiency represents the actual 

performance of a thermal system. It can be used to compare 

the performance of SAHs with various roughness 

arrangements to decide the best among these. The 

thermohydraulic efficiency or effective efficiency (ηeff) of 

solar air heater is defined as 
 

p

fanu
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(36) 

 

where, Pfan is fan power required for forcing the air through 

duct, which is defined as 
 

motorfan

flow
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(37) 

 

where, Pflow is flow pumping power, which is given as 
 

a

flow

Pm
P
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(38) 

 

where, ΔP is pressure drop given by 
 

h
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D

LVf
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2
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(39) 

 

Correlation for friction factor for arc shaped wire roughened 

absorber plate SAH is given as [29, 30] 

 

fr = 0.14408 Re-0.17103 (e/d)0.1765 (α/90)0.1185 (40) 

 

Friction factor for smooth duct is given as [3] 

 

f = 0.059 Re-0.20  

 

Overall pressure drop (ΔP) for double parallel flow solar air 

heater is 
 

ΔP = ΔPu + ΔPl  

 

where,  

ΔPu = Pressure drop in upper duct, and, 

ΔPl = Pressure drop in lower duct. 

 

 

3. SELECTION OF SYSTEM AND OPERATING 

PARAMETERS 

 

The list of fixed and variable parameters used in 

computation of the results, is given in Table 2. The value/range 

of roughness parameters has been selected on the basis of the 
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previous work available in the literature. 
 

Table 2. Typical values of operating and system parameters 

used in analytical study 
 

System parameters Value 

Duct width, W 0.3 m 

Collector tilt angle, β 30o 

Relative roughness pitch, P/e 12 

Wind velocity, V 1 m/s 

Number of glass covers (N) 1 

Thermal conductivity of insulation (ki), W/m K 0.0262 W/m K 

Thickness of insulation, δi 5 mm 

Transmittance–absorptance product, ταp 0.85 

Thermal conductivity of glass (kg), W/m K 0.75 

Emissivity of absorber plate (εP) 0.9 

Emissivity of bottom plate (εb) 0.9 

Emissivity of glass cover (εg) 0.88 

Thickness of glass cover (δg), m 0.004 

 
Operating Parameters Base Value Range Value 

Collector length, L 1.5 m 0.1 – 2.5 m 

Relative arc angle, α/90 0.33 0.33 ‒ 0.66 

Duct depth (H), m 0.03 0.01 – 0.2 

Relative roughness height, e/d 0.02 0.02 ‒ 0.06 

Solar radiation intensity, S 900 W/m2 500–1000 W/m2 

Ambient temperature, Ta 300 K 300 - 330K 

Reynolds number, Re 20000 1000 ‒ 40,000 

 

 

4. SOLUTION PROCEDURE OF MATHEMATICAL 

MODEL 

 

From the solutions of Eqns. (1) – (5) we can find out the Tg, 

Tp, Tb, Tfu and Tfl. The direct solution of these equations are 

not possible because different convective and radiative heat 

transfer coefficients are functions of these temperatures. In 

view of this, iterative method has been employed to solve the 

Eqns. (1) – (5), to get the values of respective temperatures. 

The iterative method involves the repetitive calculation of a 

different temperatures and heat transfer coefficients till the 

new and also the preceding values are approximately equal or 

differ by 0.001℃. Within the iteration method, initial guessed 

values of Tg, Tp and Tb are used to calculate the convective and 

radiative heat transfer coefficients. The values of the 

calculated heat transfer coefficients are used to find out new 

values of glass cover temperature Tg, plate temperature Tp, 

back plate temperature Tb, and also the outlet air temperature 

Tfu and Tfl. The freshly calculated temperature values area unit 

compared with the initially assumed ones. The computer 

program in MATLAB, was developed to perform the iteration 

method to calculate unknowns. 
 

4.1 Validation of the mathematical model 
 

Validity of the mathematical model has been tested by 

comparison of present theoretical results with experimental 

results of Sahu and Prasad [9], who have investigated the 

performance of air flowing through bottom duct of SAH with 

arc shaped wire as roughness on the absorber plate of its back 

side. Figure 3 shows the trend of variation of thermal 

efficiency v/s Reynolds number for present model and that of 

Sahu and Prasad [9]. From Figure it is clear that results of 

present model is better as expected. The variations of thermal 

efficiency vs Reynolds number have similar nature as the 

results reported by Sahu and Prasad [31, 32] under similar 

geometrical and operating parameters, which show good 

agreement of the present mathematical model. 
 

 
 

Figure 3. Variation of Reynolds number vs the thermal 

efficiency 

 

 

5. RESULT AND DISCUSSION 

 

The values of different performance parameters were 

calculated for the parallel flow solar air heater having arc 

shape wire roughened absorber plate have been calculated and 

discussed with reference to different plots given in the 

following sections.  

 

5.1 Thermal efficiency variations 

 

5.1.1 Thermal efficiency vs Reynolds number 

The thermal efficiency of SAH has been calculated for 

various values of Reynolds numbers corresponding to mass 

flow rates (0.006-0.2 kg/s) for relative roughness height (e/d) 

of 0.02 - 0.06 and solar radiation intensity 1000 W/m2 and the 

variation has been shown in Figure 4. From the Figure this is 

clear that the thermal efficiency of the solar air heater increases 

as Reynolds number (or air mass flow rate) increases. This 

happens because the useful heat gain (Q = mcp(To - Ti)) 

increases as mass flow rate (m) increases. For greater values 

of Reynolds number, increase in thermal efficiency is very 

small because at higher Reynolds number, the heat transfer 

coefficient due to convection between the absorber plate and 

the air increases but temperature difference between absorber 

plate and air decreases. Thus combined effect of these two 

parameters (Convective heat transfer coefficient and 

temperature difference) finally results in marginal increase in 

thermal efficiency at higher Reynolds number (above Re = 

20000). 
 

 
 

Figure 4. Thermal efficiency vs Reynolds number variation 
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5.1.2 With insolation 

Figure 5 shows the variation of thermal efficiency with the 

solar radiation intensity for several values of relative 

roughness height (e/d). It is observed that the thermal 

efficiency decreases slowly with increase in the insolation 

because with increase in insolation, absorber plate temperature 

increases, thus radiative heat loss from the collector also 

increases which results in low thermal efficiency. 

 

 
 

Figure 5. Thermal efficiency as a function of solar radiation 

intensity 

 

5.1.3 With duct depth (H)  

The effect of duct depth on the thermal efficiency for 

several values of relative roughness height (e/d) like 0.02, 0.03 

and 0.04 is shown in Figure 6. From this Figure it is clear that 

the thermal efficiency of roughened SAH decreases as the duct 

depth of the collector increases because mass velocity (G) of 

air passing through the duct decreases. From Figure this is also 

clear that for a fixed value of duct depth thermal efficiency 

increases as relative roughness height increases. 

 

 
 

Figure 6. Thermal efficiency v/s duct depth 

 

5.1.4 With collector length 

The plot of thermal efficiency v/s collector length for 

several relative roughness heights (e/d) for fixed value of Solar 

radiation intensity 900 W/m2 and Reynolds number 20000 has 

been shown in Figure 7. From the Figure this is clear that the 

thermal efficiency of the SAH decreases with increasing 

collector length. This is because the useful heat gain decreases 

as collector length increases due to decrease in temperature 

difference, between absorber plate and air passing through it 

i.e. (Tp - Tfu), and between glass cover and flowing air i.e. (Tg 

- Tfu) as shown in Figures 8, 9 & 10 respectively, while heat 

transfer coefficient due to convection, glass cover temperature 

absorber plate temperature, and outlet air temperature increase 

with increase in collector length.  

 
 

Figure 7. Thermal efficiency v/s collector length [33, 34] 

 

 

 
 

Figure 8. Useful heat gain from absorber plate by air passing 

through upper(roughened) and lower(smooth) duct v/s 

collector length 

 

 
 

Figure 9. Overall useful heat gain by air passing through 

upper and lower duct 
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Figure 10. Temperature difference in absorber plate and air 

passing through upper duct and temperature difference in 

glass cover and air passing through upper duct v/s Reynolds 

number 

 

5.2 Variation of useful heat gain by air 

 

 

 
 

Figure 11. Useful heat gain from absorber plate by air 

passing through upper(roughened) and lower(smooth) duct 

v/s Reynolds number 

Variation of useful heat gain by air v/s Reynolds number for 

relative roughness heights e/d = 0.02-0.06 and for insolation 

of 900 W/m2 is shown in Figure 11. From Figure it is clear that 

useful heat gain increases rapidly as Reynolds number 

increases in the range of 1000 to nearly 10000 and above 

10000 Reynolds number, increase in useful heat gain is small 

because as the Reynolds number increases heat transfer 

coefficient due to convection also increases. But, as Reynolds 

number increases, absorber plate temperature decreases, so 

difference in absorber plate and air temperature decreases for 

higher Reynolds number. Thus combined effect of above two 

parameters results decrease in useful heat gain. From Figure 

this is also clear that for a given Reynolds number useful heat 

gain is higher for higher relative roughness height (i.e. e/d = 

0.06) because convective heat transfer coefficient is higher for 

higher relative roughness height and radiative heat transfer 

coefficient is lower for higher relative roughness height so 

radiative heat exchange between absorber plate and glass 

cover is lower. 

 

5.3 Comparison of thermal efficiencies 

 

Figure 12 shows a comparison between thermal efficiencies 

of the parallel flow SAH having a absorber plate with arc 

shaped wire at its upper side and lower side smooth, and a 

parallel flow SAH with its absorber plate both sides smooth, 

operating under similar conditions [35, 36]. 

From Figure it is clear that the thermal efficiency of the 

parallel flow SAH with roughened absorber plate is about 8-

10% more than parallel flow SAH with smooth absorber plate. 

This is because heat transfer coefficient between the 

roughened absorber plate and the air increases due to breakage 

of laminar sub-layer adjacent to the absorber surface at fluid 

flow side in the turbulent zone. 

 

 
 

Figure 12. Thermal efficiency v/s Reynolds number 

 

5.4 pressure drop variation 

 

The friction factor, f, is a dimensionless quantity that mainly 

depends on the velocity of the fluid flow V, hydraulic diameter 

Dh, fluid density ρ, and dynamic viscosity of fluid μ. It's also 

a function of nature of the surface i.e. wall roughness which 

depends on the size, spacing and shape of the roughness 

elements. The pressure drop in the collector duct is evaluated 

by using the appropriate value of friction factor. In the present 

investigation, the values of friction factor have been calculated 

by using the correlation given in Eq. (40) and the pressure drop 

in the duct with one side artificially roughened by arc shaped 

wires and heated by insolation has been evaluated using Eq. 

(39). 
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The effect of pressure drop on the Reynolds number for 

relative roughness heights e/d = 0.02-0.06 has been presented 

in Figure 13. It is observed that pressure drop (ΔP) increases 

as Reynolds number increases because ΔP is directly 

proportional to square of average flow velocity, V i.e. 

variation of pressure drop with respect to flow velocity is 

parabolic, thus as average flow velocity or Reynolds number 

increases pressure drop increases at higher rate with respect to 

flow velocity. From figure it is also clear that variation of 

pressure drop for several values of relative roughness height 

(i.e. e/d = 0.02-0.06) is negligible for lower values of Reynolds 

number (i.e. Re < 20000 approx.). And for higher values of 

Reynolds number (i.e. Re > 20000) increase in pressure drop 

is comparatively higher and also change in pressure drop for 

several values of relative roughness height is significant. 

 

 
 

Figure 13. Pressure drop v/s Reynolds number 

 

5.5 Variation of pumping power 

 

The effect of pumping power on the Reynolds number for 

relative roughness heights e/d = 0.02-0.06 has been presented 

in Figure 14. Pumping power is directly proportional to mass 

flow rate i.e. flow velocity and pressure drop but pressure drop 

(ΔP) is directly proportional to square of flow velocity. Thus 

pumping power is directly proportional to cube of flow 

velocity i.e. variation of pumping power with flow velocity is 

cubic. Therefore as flow velocity or mass flow rate increases, 

pumping power increases at higher rate than the average flow 

velocity. From Figure it is clear that pumping power also 

increases as relative roughness height increase and the rate of 

increase in pumping power becomes very small above relative 

roughness height 0.05. 

 

 
 

Figure 14. Pumping power v/s Reynolds number 

 

5.6 Variation of thermo hydraulic efficiency 

 

The thermo-hydraulic efficiency is such a parameter which 

is used to compare the performance of SAHs with different 

roughness arrangements (materials and geometries) to decide 

the best among these. The plot of thermo-hydraulic efficiency 

v/s Reynolds number for several values of relative roughness 

height (e/d) and for fixed values of other roughness parameters 

(α/90 = 0.45 & P/e = 12), has been shown in Figure 15. 

From Figure this is clear that the maximum thermohydraulic 

or effective efficiency is obtained corresponding to e/d = 0.06 

for a Re value of nearly 29,000, whereas the thermohydraulic 

efficiency is maximum corresponding to e/d = 0.02 for 30,000 

< Re < 40000. For 1000 < Re < 8,000, increase in 

thermohydraulic efficiency is very sharp whereas above 8000 

value of Re, increase in thermohydraulic efficiency is small. 

This is because at higher Reynolds number the pumping power 

needed to propel air through ducts increases sharply as the 

pumping power is directly proportional to cube of air velocity 

in the duct. 

 

 
 

Figure 15. Thermo hydraulic efficiency v/s Reynolds 

number 

 

5.7 Comparison of thermohydraulic efficiencies 

 

Figure 16 shows a comparison of thermohydraulic 

efficiencies of the parallel flow SAH having roughened 

absorber plate and parallel flow SAH with smooth absorber 

plate under similar conditions of operation. For 1000 < Re < 

29000 thermohydraulic efficiency is higher for parallel flow 

roughened SAH as compared to parallel flow smooth SAH. 

 

 
 

Figure 16. Thermo hydraulic efficiency v/s Reynolds 

number for parallel flow roughened SAH and parallel flow 

conventional SAH (a) for Re = 1000-40000 
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It is also clear from the Figure that there is no effect of 

variation of several values of relative roughness heights (e/d) 

on thermohydraulic efficiency for nearly Re = 35,000, and 

above that the thermohydraulic efficiency becomes highest for 

lowest value of relative roughness height (i.e. e/d = 0.02). This 

is because, when Reynolds number increases above the 35,000, 

pumping power required to keep air passing through the duct 

with e/d = 0.06 becomes higher than the duct with e/d = 0.02. 

It can also be concluded that based on the thermohydraulic 

efficiency criteria parallel flow roughened SAH is not 

beneficial for higher Reynolds number i.e. Re > 29000. 

 

5.8 Glass cover temperature variation  

 

5.8.1 With Reynolds number 

Variation of glass cover temperature with Reynolds number 

for relative roughness heights e/d = 0.02-0.06 and for a 

constant value of insolation is shown in the Figure 17. From 

Figure it is observed that glass cover temperature decreases 

sharply as Reynolds number increases from 1000 to nearly 

8000 and beyond that decrease in glass cover temperature is 

very small. This happens due to the fact that as Reynolds 

number increases thermal boundary layer beneath the glass 

cover decreases. Thus, temperature gradient in perpendicular 

direction of glass cover increases hence convective heat 

transfer coefficient increases therefore more heat is transferred 

from glass cover to air passing through upper duct and hence 

temperature of glass cover decreases. 

This is also seen that for a particular value of Re, glass cover 

temperature is greater for smaller value of relative roughness 

height (e/d = 0.02) because absorber plate temperature is 

greater for smaller value of e/d. 

 

 
 

Figure 17. Variation of glass cover temperature vs Reynolds 

number 

 

5.8.2 With collector length 

Variation of mean glass cover temperature as collector 

length for relative roughness heights e/d = 0.02-0.06, solar 

radiation intensity of 900 W/m2 and Re = 20,000, is shown in 

the Figure 18. From Figure it is clear that glass cover 

temperature increases with collector length. Because as 

collector length increases absorber plate temperature increases, 

so more heat transfer due to radiation from absorber plate to 

glass cover takes place. Also in laminar flow thermal boundary 

layer thickness is directly proportional to square root of the 

collector length thus as collector length increases thermal 

boundary layer thickness increases. So temperature gradient in 

perpendicular direction of glass cover decreases therefore 

convective heat transfer coefficient decreases. Thus less heat 

is transferred from glass cover to air passing through upper 

duct, so absorber plate temperature increases. From Figure this 

is also clear that for a particular value of collector length, glass 

cover temperature is greater for smaller value of relative 

roughness height i.e. e/d = 0.02. 

 

 
 

Figure 18. Variation of glass cover temperature vs collector 

length 

 

5.9 Mean absorber plate temperature variation 

 

5.9.1 With Reynolds number 

Variation of mean absorber plate temperature with Re for 

relative roughness heights e/d = 0.02-0.06 and Insolation of 

1000 W/m2 is shown in the Figure 19. From Figure it is clear 

that mean absorber plate temperature decreases sharply for the 

smaller values of the Reynolds number (i.e. nearly Re = 1000-

12,000) and above Re = 12,000 decrease in mean absorber 

plate temperature is very slow [37-39]. 

Because as Reynolds number increases, air flow changes 

from laminar to transition flow above the Reynolds number 

equal to nearly 2100. In transition flow mixing of air particles 

takes place due to turbulence created by random motion of air 

particles, so convective heat transfer coefficient increases 

rapidly in transition zone. And as Re increases thermal 

boundary layer thickness over and beneath the absorber plate 

decreases so temperature gradient in perpendicular direction 

of absorber plate increases thus convective heat transfer 

coefficient increases therefore more heat is transferred from 

absorber plate to air passing through upper and lower ducts 

hence temperature of mean absorber plate decreases. 

 

 
 

Figure 19. Variation of absorber plate temperature v/s 

Reynolds number 

 

From Figure this is also clear that for a given value of 

Reynolds number, absorber plate temperature is greater for 

smaller value of e/d (i.e. e/d = 0.02). 
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5.9.2 With Insolation 

Variation of absorber plate with respect to solar intensity for 

relative roughness heights e/d = 0.02-0.06 and constant value 

of Re 20,000 and collector length 1.5 m is shown in the Figure 

20. From Figure it is clear that absorber plate temperature 

increases as solar radiation intensity increases. Since input 

thermal energy from insolation increases the temperature. It is 

also seen that for a particular value of insolation absorber plate 

temperature is higher for smaller values of relative roughness 

height i.e. e/d = 0.02 because of lower heat transfer due to 

lower turbulence corresponding to this given Reynolds 

number. 

 

 
 

Figure 20. Mean absorber plate temperature v/s solar 

radiation intensity 

 

5.9.3 With collector length 

Variation of temperature of absorber plate as collector 

length for relative roughness heights e/d = 0.02-0.06, solar 

radiation intensity 900 W/m2 and Re = 20,000, is shown in the 

Figure 21. From Figure it is clear that absorber plate 

temperature increases as collector length increases. Because in 

laminar flow thermal boundary layer thickness is directly 

proportional to square root of the collector length thus as 

collector length increases thermal boundary layer thickness 

increases. So temperature gradient in perpendicular direction 

of absorber plate decreases therefore convective heat transfer 

coefficient decreases. The heat transfer from absorber plate to 

air passing through upper and lower ducts is low and so 

temperature of absorber plate increases. From Figure this is 

also clear that for a particular value of collector length, 

absorber plate temperature is higher for smaller values of 

relative roughness height i.e. e/d = 0.02. 

 

 
 

Figure 21. Absorber plate temperature v/s collector length 

5.10 Back plate temperature variation 

 

5.10.1 With Reynolds number 

Variation of back plate temperature with respect to 

Reynolds number for relative roughness heights e/d = 0.02-

0.06 and for 1000 W/m2 solar radiation intensity is shown in 

the Figure 22. From Figure it is clear that back plate 

temperature decreases sharply as Reynolds number increases 

from 1000 to nearly 8000 and above 8000 Reynolds number 

decrease in back plate temperature is small. As Reynolds 

number increases thermal boundary layer thickness over the 

back plate decreases so temperature gradient in perpendicular 

direction of back plate increases thus convective heat transfer 

coefficient increases. Therefore more heat is transferred from 

back plate to air passing through lower duct so temperature of 

back plate decreases. Also as the Reynolds number increases 

heat transfer due to radiation from absorber plate to back plate 

decreases because of decrease in temperature of absorber plate 

and heat transfer coefficient due to radiation between absorber 

plate and back plate. 

From Figure this is also clear that for a given value of 

Reynolds number back plate temperature is higher for smaller 

value of relative roughness height i.e. e/d = 0.02 on the 

absorber plate. As absorber plate temperature is higher for 

smaller value of relative roughness height so radiation heat 

exchange between absorber plate and back plate is higher. 

 

 
 

Figure 22. Absorber plate temperature v/s Reynolds number 

 

5.11 Outlet air temperature variation 

 

5.11.1 With Reynolds number 

Variation of outlet air temperature as Reynolds number for 

relative roughness heights e/d = 0.02-0.06 and for constant 

value of solar radiation intensity 1000 W/m2 is shown in the 

Figures 23, 24 & 25. From Figs. it is clear that outlet air 

temperature decreases as Re increases. Because when Re 

increases flow changes from laminar to transition flow above 

the Reynolds number nearly 2100. In transition flow mixing 

of air particle takes place due to turbulence created by 

randomness in air flow so convective heat transfer coefficient 

increases rapidly in transition zone. And as Reynolds number 

increases thermal boundary layer thickness over the absorber 

and back plate decreases so temperature gradient in 

perpendicular direction of glass cover, absorber and back plate 

increases thus convective heat transfer coefficient increases 

therefore more heat is transferred from glass cover, absorber 

and back plate to air passing through upper and lower duct so 

temperature of air increases. From Figure this is also clear that 

for a given value of Re outlet air temperature is higher for 
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higher e/d (e/d = 0.06), but for a given value of Reynolds 

number increase in outlet air temperature for e/d (e/d > 0.04) 

is very small. 

 

 
 

Figure 23. Upper duct air outlet temperature v/s Reynolds 

number 

 

 
 

Figure 24. Lower duct air outlet temperature v/s Reynolds 

number 

 

 
 

Figure 25. Outlet air mean temperature v/s Reynolds 

Number 

 

5.11.2 With solar insolation 

Variation of outlet air temperature with respect to solar 

radiation intensity for relative roughness heights e/d = 0.02-

0.06 and for Re = 20,000 and collector length of 1.5 m is 

shown in Figure 26. From this Figure it is clear that outlet air 

temperature increases as solar radiation intensity increases. It 

is also found that for a particular value of solar radiation 

intensity outlet air temperature is higher for higher relative 

roughness height i.e. e/d = 0.06, but for a particular value of 

Reynolds number increase in outlet air temperature for relative 

roughness height above 0.04 is small. 

 

 
 

Figure 26. Air outlet temperature v/s solar radiation intensity 

 

5.11.3 With collector length 

Variation of outlet air temperature with respect to collector 

length for relative roughness heights e/d = 0.02-0.06 and for 

solar radiation intensity 900 W/m2 and Re 20,000 is shown in 

the Figure 27. From Figure it is clear that outlet air temperature 

increases as collector length increases. Because air flow 

changes from laminar to transition flow as collector length 

increases and convective heat transfer coefficient decreases as 

collector length increases in laminar flow due to decrease in 

temperature gradient in perpendicular direction of absorber 

plate. In transition zone convective heat transfer coefficient 

increases as collector length increases because of intense 

mixing of air particles due to turbulence created by zig-zag 

motion of air particles. 

From Figure this is also clear that for a particular value of 

collector length outlet air temperature is higher for higher 

relative roughness height i.e. e/d = 0.06, but for a particular 

value of collector length increase in outlet air temperature for 

relative roughness height (e/d) above 0.04 is very small. 

 

 
 

Figure 27. Outlet air temperature v/s collector length 

 

5.12 Convective heat transfer coefficient variation  

 

5.12.1 With Reynolds number 

Variation of convective heat transfer coefficient as 

Reynolds number for relative roughness heights e/d = 0.02-

0.06for solar radiation intensity 900 W/m2 is shown in the 

Figure 28. From Figure it is clear that convective heat transfer 

coefficient increases as Reynolds number increases because as 
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Re increases thickness of thermal boundary layer decreases so 

temperature gradient in perpendicular direction of the absorber 

plate increases. From Figure this is also clear that for a given 

value of Reynolds number, convective heat transfer coefficient 

is higher for higher relative roughness height i.e. e/d = 0.06 

because in this case the flow separation is delayed due to 

higher turbulence and for a particular value of Reynolds 

number increase in convective heat transfer coefficient for 

relative roughness height (e/d) above 0.04 decreases. 

 

 

 
 

Figure 28. Convective heat transfer coefficient between 

roughened absorber plate and air v/s Reynolds number 

 

5.12.2 With collector length 

 

 
 

Figure 29. Convective heat transfer coefficient between 

roughened absorber plate and air v/s Reynolds number 

 

Variation of convective heat transfer coefficient with 

respect to collector length for relative roughness heights e/d = 

0.02-0.06for fixed value of Insolation and Reynolds number 

20000 is shown in the Figures 29 & 30. From Figs. it is clear 

that convective heat transfer coefficient first decreases up-to 

0.3 m length of the collector and then increases as collector 

length increases. This happens because, air flow is laminar up-

to collector length equal to 0.3 m, and above collector length 

of 0.3 m air flow starts to change in transition flow. And in 

transition flow mixing of air particles stats thus causing 

turbulence hence increase in convective heat transfer 

coefficient. 

 

 
 

Figure 30. Convective heat transfer coefficient between 

smooth plate and air v/s Reynolds number 

 

5.13 Radiative heat transfer coefficient variation 

 

5.13.1 With Reynolds number 

 

 
 

Figure 31. Heat transfer coefficient due to radiation, between 

roughened absorber plate and glass cover, v/s Reynolds 

number 

 

 
Figure 32. Heat transfer coefficient due to Radiation, 

between absorber plate and back plate, v/s Reynolds number 
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Variation of radiative heat transfer coefficient with respect 

to Reynolds number for relative roughness heights e/d = 0.02-

0.06 and for solar radiation intensity 1000 W/m2 is shown in 

the Figures 31 & 32. From Figure it is clear that radiative heat 

transfer coefficient decreases as Reynolds number increases. 

This happens because as the Reynolds number increases 

temperature of absorber plate decreases. From Figure this is 

also clear that for a particular value of Reynolds number 

radiative heat transfer coefficient is higher for smaller values 

of relative roughness height i.e. e/d = 0.02 because absorber 

plate temperature is higher for smaller values of relative 

roughness height i.e. e/d = 0.02. 

 

5.13.2 With collector length 

Variation of radiative heat transfer coefficient with respect 

to collector length for relative roughness heights e/d = 0.02-

0.06, solar radiation intensity of 900 W/m2 and Re of 20000 is 

shown in the Figure 33. From Figure it is clear that radiative 

heat transfer coefficient increases with collector length 

because as collector length increases absorber plate 

temperature increases. 

 

 

 
 

Figure 33. Radiative heat transfer coefficient between upper 

and lower duct v/s collector length 

 

 

6. CONCLUSION 

 

This work presents an analytical study for predicting the 

thermal performance of a double-parallel flow solar air heater. 

The absorber plate, placed between the glass cover and back 

plate is artificially roughened with arc shaped wires at its 

upper side. Effects of the Reynolds number (or mass flow rate), 

duct depth, collector length, insolation, temperature of inlet air 

and roughness parameters on thermal efficiency, 

thermohydraulic efficiency and pumping power have been 

investigated. Based on the results the following conclusions 

are drawn: 

(1) The parallel (double) flow roughened solar air heater 

(PFRSAH) exhibits better performance than that of 

parallel flow smooth solar air heater (PFSSAH) 

operating under similar system and operating 

conditions. The thermal efficiency of PFRSAH is 8-

10% higher than that of PFSSAH. 

(2) For a given value of insolation, there is increase in 

the heat transfer coefficient due to convection, 

pressure drop, pumping power and thermohydraulic 

efficiency (upto approximately Re = 29,000) and 

decrease in temperatures of outlet air, absorber plate, 

glass cover and back plate with increase in Reynolds 

number (or mass flow rate of air). 

(3) Increasing the relative roughness height for a fixed 

value of solar radiation intensity and Reynolds 

number results increase in thermal efficiency and 

thermohydraulic efficiency upto nearly Re = 29,000, 

whereas temperature of absorber plate, back plate 

temperature, glass cover temperature, air outlet 

temperature, pressure drop and pumping power 

decreases respectively. 

 

Scope of Future Work 

 

1. In the present work a mathematical model for 

performance analysis of parallel SAH having arc 

shaped wires on the upper side of the absorber plate 

in upper duct and other side smooth have been carried 

out, however the similar analysis can be carried out 

for a double flow SAH having absorber plate both 

side roughened with arc shaped wires for air as the 

heat carrier fluid.  

2. This analysis can also be extended for other 

roughness geometries. 

The theoretical model can be verified by conducting actual 

experiments. 
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NOMENCLATURE 

 
Ap Surface area of absorber plate (m2) 

H Height of duct (m) 

W Width of duct (m) 

L Length of test section in duct (m) 

Dh Hydraulic diameter (m) 

e Roughness height (m) 

e/d Relative roughness height 

P Roughness Pitch (m) 

P/e Relative roughness pitch 

FR Collector heat removal factor 

f Friction factor for roughened duct 

Ut Top loss coefficient (W/m2 K) 

Ub Back loss coefficient (W/m2 K) 

To Air outlet temperature (K) 

Ti Air inlet temperature (K) 

Tg Glass cover temperature, k 

Ta Ambient temperature, K 

ℎ𝑟,𝑔−𝑠 
Radiative heat transfer coefficient between Glass cover 

and sky, W/m2 K 

ℎ𝑟,𝑝−𝑏 
Radiative heat transfer coefficient between Absorber plate 

and bottom plate, W/m2 K 

ℎ𝑐,𝑝−𝑓𝑢  Convective heat transfer coefficient between absorber 

plate and air flowing in upper channel, W/m2 K 

ℎ𝑐,𝑏−𝑓𝑙  Convective heat transfer coefficient between bottom plate 

and air flowing in lower channel, W/m2 K 

�̇� Mass flow rate of air (kg/s) 

ΔT Air temperature rise across the duct (℃) 

k Thermal conductivity (W/m K) 

CP Specific heat of air (J/kg K) 

Pm Pumping power (W) 

Re Reynolds number 

S Intensity of solar radiations (W/m2) 

V Air mean flow velocity in duct (m/s) 

Nu Nusselt number 

qu Useful heat gain (W) 

h Heat transfer coefficient (W/m2 K) 

Us Side loss coefficient (W/m2 K) 

Ul Overall heat loss coefficient (W/m2 K) 

Tp Average temperature of absorber plate (K) 

Tf Average temperature of air (K) 

Ts Sky temperature, K 

Tb Mean bottom plate temperature, K 

ℎ𝑟,𝑝−𝑔 Radiative heat transfer coefficient between absorber plate 

and glass cover, W/m2 K 

ℎ𝑐,𝑔−𝑓𝑢 Convective heat transfer coefficient between glass cover 

and air flowing in upper channel, W/m2 K 

ℎ𝑐,𝑝−𝑓𝑙  Convective heat transfer coefficient between absorber 

plate and air flowing in lower channel, W/m2 K 

SAH Solar Air Heater 

Greek symbols 

δi Thickness of insulation (m) 

εp Emissivity of absorber plate 

εg Emissivity of glass cover 

εb Emissivity of back plate 

α Arc angle (o) 

ηm Motor efficiency  

τ Transmissivity of glass cover 

ηth Thermal efficiency of solar air heater 

ταp Transmissivity–absorptivity product of glass cover 

μ Dynamic viscosity of air, N-s/m2 

αp Absorptivity of absorber plate 

β Tilt angle of collector surface, degree 

α Angle of attack, degree 

ρ Air density (kg/m3) 

ηf Fan efficiency 

ƞeff Effective or Thermohydraulic efficiency 
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