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ABSTRACT 

 

ARTICLE INFO 

 Heat energy plays most important role in the field of power generation which involves 

the heat transfer in domestic as well as industrial purposes. The heat transfer coefficient 

between heat transferring surface and air is low which leads to lower thermal efficiency 

of the system. Therefore it is important to increase heat transfer coefficient between 

heat transferring surface and air. Artificial roughness applied on the absorber plate is 

the most acclaimed method to improve thermal performance of solar air heaters at the 

cost of low to moderate friction penalty. Experimental investigations pertinent to 

distinct roughness geometries unfolds that the enhancement in heat transfer is 

accompanied by considerable rise in pumping power. This work covers the types of 

technique used in enhance heat transfer coefficient in field of heat transfer and review a 

variety of papers dealing with artificial roughness on heat transfer field. The simplest 

and the most efficient way to utilize solar energy is to convert it into thermal energy for 

heating applications by using solar collectors. Solar collectors are special kind of heat 

exchangers that transform solar radiation energy to internal energy of the transport 

medium. The major component of any solar system is the solar collector. This is a device 

which absorbs the incoming solar radiation, converts it into heat and transfers this heat 

to a fluid (usually air, water, or oil) flowing through the collector. The solar energy thus 

collected is carried from the circulating fluid either directly to the hot water or space 

conditioning equipment or to a thermal energy storage tank from which can be drawn 

for use at night and/or cloud days. Solar air heaters, because of their inherent simplicity 

are cheap and most widely used collector devices. 
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I. INTRODUCTION 

 Energy is a basic need for human being. it is a prime agent 

in the generation and economic development. Energy 

resources may be classified in two ways conventional and 

non-conventional energy resources. Solar energy is 

available abundance on earth in the form of radiation. Solar 

energy is used for heating application and converts it into 

thermal energy. Solar air heater is the cheapest way of 

converting solar energy into thermal energy. Thermal 

performance of solar air heaters is comparably poor from 

solar water heaters. Thermal performance may be increased 

by increasing convective heat transfer coefficient. There are 

two way for increasing heat transfer coefficient either 

increase the area of absorbing surface by using fins or create 

the turbulence on the heat transferring surfaces The greatest 

advantage of solar energy as compared with other forms of 

energy is that it is clean and can be supplied without any 

environmental pollution.Over the past century fossil fuels 

have provided most of our energy because these are much 

cheaper and more convenient than energy from alternative 

energy sources and until recently environment pollution has 

been of little concern. 
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The major drawback with this resource is its low 

intensity, intermittent nature and non-availability during 

night. In spite of these limitations, solar energy appears to 

be the most promising of all the renewable energy resources. 

Solar energy is contemplated to have a wide range of 

applications including water heating, air heating, air-

conditioning of buildings, solar refrigeration, photo-voltaic 

cells, green houses, photo-chemical, power generation, solar 

furnaces and photo-biological conversions to list a few. Out 

of these, the utilization of solar energy for power generation 

and heating/cooling of buildings is the subject of active 

research these days. 

II. CONCEPT OF ARTIFICIAL ROUGHNESS 

  Thermo hydraulic performance of a solar air heater can be 

improved by providing artificial roughness on the absorber 

plate. The artificial roughness has been used extensively for 

the enhancement of forced convective heat transfer, which 

further requires flow at the heat-transferring surface to be 

turbulent. However, energy for creating such turbulence has 

to come from the fan or blower and the excessive power is 

required to flow air through the duct. Therefore, it is 

desirable that the turbulence must be created only in the 

region very close to the heat transferring surface, so that the 

power requirement may be lessened. This can be done by 

keeping the height of the roughness elements to be small in 

comparison with the duct dimensions. The key 

dimensionless geometrical parameters that are used to 

characterize roughness are: 

1. Relative roughness pitch (p/e): Relative roughness pitch 

(p/e) is defined as the ratio of distance between two 

consecutive ribs and height of the rib 

2. Relative roughness height (e/d): Relative roughness 

height (e/d) is the ratio of rib height to equivalent diameter 

of the air passage. 

3. Angle of attack: Angle of attack is inclination of rib with 

direction of air flow in duct. 

4. Shape of roughness element: The roughness elements can 

be two-dimensional ribs or three dimensional discrete 

elements, transverse or inclined ribs or V-shaped continuous 

or broken ribs with or without gap. The roughness elements 

can also be arc shaped wire or dimple or cavity or 

compound rib grooved. The common shape of ribs is square 

but different shapes like circular, semi-circular and 

chamfered have also been considered to investigate thermo 

hydraulic performance. 

5. Aspect ratio: It is ratio of duct width to duct height. This 

factor also plays a very crucial role in investigating thermo 

hydraulic performance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. EXPERIMENTAL DETAILS 

 
 

Fig.1.1 Schematic diagram of Experimental Setup. 

The schematic diagram of the test setup is shown in fig 

1.1.The setup consists of a duct having artificially 

roughened absorber plate, heater, pipe line, centrifugal 

blower and instrumentations for measuring mass flow rate 

of air, pressure drop, temperature and voltage for heating the 

absorber plate. The various components of experimental 

setup are discussed below. 

3.1 Air duct. 

The most important part of the setup is the duct which was 

fabricated from plywood panels. The duct is 2600 mm long, 

150 mm wide and 30 mm deep. The test section is 1200 mm 

long and has a cross section of 150 mm width ×30 mm 

depth. The entry and exit lengths were 800 mm and 600 mm, 

respectively. It may be noted that ASHRAE Standard [93–

77] recommends minimum entry and exit length of 

 √  and     √  , respectively. The sidewalls of duct 

were also made of thick plywood panels having smooth 

surface 

3.2 Absorber plate 

A 2mm thick aluminium sheet of 1200mm× 150mm size is 

used as an absorber plate. The lower surface of the plate is 

provided with artificial roughness with varying relative 

pitch (p/e). 

3.3 Heater 

A uniform heat flux up to a maximum of 1500W/m2 to the 

absorber plate is provided by a solar simulator. The power 

supply to the heater is controlled through an AC variac. To 

ensure all the heat flux is transferred to the duct and also to 

minimize the heat loss the duct is insulated on the other 

three sides except absorber plate side 

3.4 Manometer. 

An orifice meter connected with U- tube manometer is used 

to measure the air flow rate in the duct. A micro-manometer 

is used to measure the pressure drop across the test section. 

3.5 Thermocouples 

To measure the temperature of air and absorber plate at 

various locations calibrated chromel-alumel thermocouples 

are used. 

IV. EXPERIMENTAL PROCEDURE 

 

The test runs, to collect relevant heat transfer and flow 

friction data conducted under steady-state conditions. For 
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different airflow rates, the system was allowed to attain a 

steady state before the data were recorded. All the 

components of the setup and instrument are examined 

carefully for their proper operation. Artificially roughened 

absorber plate is installed and the test section is assembled.  

Heater is used for supplying energy for heating for one hour 

to the test section. After one hour the blower is switched on. 

No leakage in the joints of the duct and pressure tapping’s is 

ensured. Control valve is used to adjust the mass flow rate. 

All the readings are taken once the mass flow rate is fixed. 

Tests for eleven values of mass flow rate of air is conducted  

in order to cover the entire range of Reynolds number. The 

following parameters are measured during experimentation: 

a. Temperature of the absorber plate and air at inlet and 

outlet of the test section. 

b. Pressure drop across the test section. 

c. Pressure difference across the orifice meter. 

d. Voltage and current supply to the heater. 

Table 1.1.Range of parameters 

Sr No Parameters Range 

1. Reynolds number(Re) 3000-8000 

2. Duct aspect ratio (W/B) 5 

3. Test-section length, L (mm) 1200 

4. Roughness height, wire 

diameter, e (mm) 

1.7 

5. Hydraulic diameter of duct, 

D (mm) 

50 

6. Relative roughness height, 

e/D 

0.034 

7. Relative roughness pitch, 

p/e 

10 to 40 

The test runs to collect the relevant heat transfer data were 

conducted under steady state conditions. Eleven values of 

flow rate were used for each set of test. After each change of 

flow rate, the system was allowed to reach steady state 

before the data were recorded.  

The experimental data includes thermocouple readings and 

air mass flow rates. This data have been reduced to obtain 

the average plate temperature, average air temperature, mass 

flow rate (m), velocity of air (V), heat supplied to the air (q), 

and heat transfer coefficient (h). The thermo physical 

properties of the air have been taken at the average plate 

fluid temperature. 

4.1 Mean air and plate temperatures[15] 

 

   
(          )

 
 

 

 

Where,  

T1-T5 is the 

temperature of air at 

various locations of air 

duct. 

 

   
         

 
 

 

 

Where,  

T6-T10 is the 

temperature of plate at 

various location of 

absorber plate. 

 

4.2 Mass flow rate[15] 

The mass flow rate is calculated as follows, 

 

 

 

 

        √
   

  (     )
 
 

 

Where, 

 , Density of air, kg/m3 

   , Coefficient of 

discharge, 0.62 

  , area of orifice, m2 

  , area of pipe, m2 

    (  | ) 

  , is manometer 

reading 

 

4.3 Velocity of air[15] 

The velocity of air in the duct is calculated as follows, 

 

  
 

   
 

 

Where, 

 , Density of air, kg/m3 

W, width of duct, m 

B, height of duct, m 

 

4.4 Heat transfer rate[15] 

Useful heat gain to the air flowing in the duct is calculated 

as follows, 

 

 

     (     ) 

Where, 

m, mass flow rate, kg/s 

  , Specific heat of air, J/Kg 

k 

  , temperature of air at 

outlet,°C 

  , temperature of air at 

inlet, °C 

 

4.5 Convective heat transfer co efficient[15] 

Convective heat transfer coefficient for the test section is 

calculated as follows, 

 

  
 

  (     )
 

  , area of absorber plate, 

m2 

q, heat transfer rate 

  , average temperature of 
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 absorber plate,  

  , average temperature of 

fluid, °C 

 

4.6 Nusselt number[15] 

The Nusselt number is calculated from the following 

expression, 

 

    
   
 

 

 

Where, 

h, Convective heat transfer 

coefficient, (W/m2k) 

k, thermal conductive of air, 

W/m K 

Dh= Hydraulic diameter 

 
   

 (   )
 

 

4.7 Reynolds number[15] 

The Reynolds number is calculate as follows, 

 

   
   
 

 

 

Where, 

V, velocity of air, m/s 

 = kinematic viscosity,m2/s 

 

4.8 Friction factor[15] 

The friction factor was determined from the following 

equations, 

 

   
    

     
 

 

Where, 

  , Pressure drop 

L= test length, 1200mm 

 , Density of air, kg/m3 

 

 

V.RESULT &  DISCUSSION 

5.1. Plate with transverse wires as artificial roughness. 

The heat transfer characteristics of solar air duct 

roughened with transverse wires, computed on the basis of 

experimental data collected for various flow and roughness 

parameters, have been discussed below. The results have 

been compared with those obtained in case of smooth ducts 

operating under similar operating conditions to discuss the 

enhancement in Nusselt number 

.Fig 1.2 shows the Nusselt number as a function of 

Reynolds number for relative roughness pitch (p/e) values 

of 10, 20, 30, 40 and for a fixed value of relative roughness 

height (e/Dh) of 0.034. It can be seen from the figures that 

for given value of roughness parameters, the Nusselt 

number monotonously increases with increase of Reynold 

number.. Due to separation of the flow at the transverse 

wires, reattachment of free shear layer occurs for (p/e) of 10 

and maximum heat transfer coefficient occurs in the vicinity 

of the reattachment region.  For relative roughness pitch (p/e) 

of 20, 30, 40 reattachment may not occur hence the values 

of heat transfer coefficient corresponds to these values of 

(p/e) are found to be minimum. At very low Reynolds 

number (less than 5000), it can be seen from fig.1.2 that the 

values of Nusselt number for smooth duct is nearly equal to 

that of roughened duct may be attributed to the fact that 

laminar sub layer thickness increases as the flow is retarded 

by roughness elements in Reynolds number region. 

The results presented in re-plotted in fig. 1.2 to bring out the 

effect of relative roughness pitch on Nusselt number. It has 

been observed that with the increase in the value of (P/e), 

Nusselt number decreases. This is explained on the basis of 

flow separation. For higher (P/e) the flow which separates 

after each roughness element does not reattach before it 

reaches the succeeding roughness. Also, maximum heat 

transfer has been found to occur in the vicinity of a 

reattachment point. The maximum heat transfer occurred at 

(P/e) 10 because of higher Nusselt number at higher 

Reynolds number. Hence, heat-transfer coefficient will 

maximum at the same value 

 
Fig.1.2. Variation of Nusselt number with Reynolds number for different 
values of (p/e) and for a fixed value of (e/Dh) for Transverse geometry 

 

Fig 1.3 shows the variation of friction factor with 

Reynolds number for various relative roughness pitch (p/e) 

values of 10, 20, 30, 40 and for a fixed value of relative 

roughness height (e/D) of 0.034 from the graph it can be 

seen that the friction factor decreases with an increase of 

Reynolds number in all the cases due to the suppression of 

viscous sub-layer with increase in Reynolds number. 

Smooth plate has also been plotted in this figure for the 

purpose of comparison. It is observed that for a relative 

roughness pitch of 10 has maximum friction factor and that 

of 40 has minimum value. 

 
Fig.1.3. Variation  of Friction factor with Reynolds number for different 

values of  (P/e) and for a fixed values of (e/Dh) for Transverse geometry. 

 

The Efficiency index of roughness plate with varying 

Reynolds number is shown in the below graph. From the 

graph it can be seen that the efficiency increases with the 
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increase of Reynolds number up to certain extent but after 

that it starts to stabilize 

 
Fig.1.4. Variation  of Efficiency Index with Reynolds number for different 

values of  (P/e) and for a fixed values of (e/Dh) for Transverse geometry. 

 

5.2 Plate with Single arc as artificial roughness 

Fig 1.5. Form the figure the Nusselt number is found to be 

maximum for relative roughness pitch (P/e) value of 10. 

This can be explained on the basis of flow separation 

concept. Due to flow separation at the arc shaped geometry, 

reattachment of free shear layer occurs for (p/e) 10 and 

maximum heat transfer coefficients occurs in the vicinity of 

the reattachment region. The heat transfer coefficients 

corresponding to the values of relative roughness pitch (p/e) 

of 20, 30, 40 are found to be minimum due to no 

reattachment of free shear layer. The Nusselt number for 

that of the smooth plate is also given for the comparison 

purpose, from the figure it can be seen at low Reynolds 

number (less than 5000) the values of Nusselt number for 

smooth plate is nearly equal to that of roughened duct due to 

the fact that laminar sub layer thickness increases as the 

flow is retarded by roughness elements in Reynolds number 

region. 

 
Fig.1.5. Variation of Nusselt number with Relative Roughness pitch (P/e) 

for different values of Reynolds number for Single arc geometry 

 

Fig 1.6. shows the variation of Friction factor with Reynolds 

number for various relative roughness pitch (p/e) values of 

10, 20, 30, 40 and for a fixed value of relative roughness 

height (e/Dh) of 0.034 for sing arc geometry.  It can be seen 

from the graph that the friction factor decreases with an 

increase of Reynolds number in all the cases. For the 

purpose of comparison friction factor of smooth plate is also 

presented in the plot. It can be observed that for a relative 

roughness pitch of 10 has maximum friction factor and that 

of 40 has minimum value 

 
Fig.1.6. Variation  of Friction factor with Reynolds number for different 

values of  (P/e) and for a fixed values of (e/Dh) for Single arc geometry 
 

Fig.1.7. shows the variation Friction factor with 

Relative Roughness pitch (P/e) for different values of 

Reynolds number for Single arc geometry. It has been 

observed that with the increase in the (p/e) values, friction 

factor of single arc geometry decreases. The maximum 

friction accurse at relative roughness pitch of (p/e) of 10 for 

lower Reynolds number. 

 

 
Fig.1.7. Variation Friction factor with Relative Roughness pitch (P/e) for 

different values of Reynolds number for Single arc geometry 
 

Fig.1.8. shows the variation of Efficiency Index with 

Reynolds number for different values of  (P/e) and for a 

fixed values of (e/Dh) for Single arc geometry. From the 

graph it can be seen that the efficiency increases as the 

Reynolds number increases for all the relative roughness 

pitch (P/e) values. The maximum efficiency is found to be at 

(p/e) values of 40 and minimum for (p/e) value of 10 

 
Fig.1.8. Variation  of Efficiency Index with Reynolds number for different 

values of  (P/e) and for a fixed values of (e/Dh) for Single arc geometry. 

 

5.3  Plate with Double Arc as artificial roughness 

Fig.1.9 shows Variation of Friction factor with Reynolds 

number for different values of  (P/e) and for a fixed values 

of (e/Dh) for Double arc geometry. The friction factor 

decreases with increase in Reynolds number for all the 

values of (p/e), this is explained on the basis of flow 

separation as explained above in the earlier cases. The 

maximum friction factor is observed for relative roughness 

pitch of 10 and minimum for 40.Figure.4.16. shows the 
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variation of Friction factor with Relative Roughness pitch 

(P/e) for different values of Reynolds number for Double 

arc geometry. It is observed that with the increase in the 

value of (p/e) the friction factor decrease. The maximum 

pressure drop occurs at (p/e) 10 because of higher friction 

factor at lower Reynolds number 

 
Fig.1.9. Variation  of Friction factor with Reynolds number for different 

values of  (P/e) and for a fixed values of (e/Dh) for Double arc geometry 
 

Fig 1.10 shows the variation of effect of friction factor on  

the relative roughness pitch it decreases as the friction factor 

increases. 

 
Fig.1.10. Variation Friction factor with Relative Roughness pitch (P/e) for 

different values of Reynolds number for Double arc  geometry 

 

The efficiency Index of roughness plate with 

double arc geometry is plotted in the fig1.11. It is seen that 

the efficiency increases with the increase in Reynolds 

number. The variation of Efficiency index with Relative 

Roughness pitch (P/e) for different values of Reynolds 

number for Double arc geometry. It is observed that with 

increase in the value of p/e, efficiency of Double arc 

geometry increases. The maximum efficiency occurred at 

(p/e) 40 at higher Reynolds number. 

 

 
Fig.1.11. Variation  of Efficiency Index with Reynolds number for different 

values of  (P/e) and for a fixed values of (e/Dh) for Double arc geometry. 

 

5.4 Comparison of Transverse, Single arc, Double arc 

roughness geometries. 

Fig1.12 shows the variation in Nusselt number as a 

function of Reynolds number for different roughness 

geometries. Considerable jump in the Nusselt number can 

be seen in all the cases as compared to the Smooth surface.  

Plot reveals that the value of Nusselt number is highest in 

case of Double arc roughness and lowest in case of 

Transverse ribs for all the values of Reynolds number. 

On the basis of this observation one can choose 

preferably double arc shape roughness to achieve higher 

heat transfer rates. Since Transverse ribs has only one 

secondary flow cell while single arc got two secondary flow 

cells and double arc roughness can generate multiple 

secondary flow cells and therefore double arc roughness 

shows maximum heat transfer augmentation. 

 
Fig.1.12. Comparison of Nusselt number with Reynolds number for 

different roughness geometries for fixed value of Relative roughness pitch 

(p/e=10) 

Fig 1.13.shows the comparison of Nusselt number 

with Relative Roughness pitch (P/e) for different roughness 

geometries and for fixed value of Reynolds number. From 

the graph it can be seen that the Nusselt number is highest 

for relative roughness pitch (p/e) of 10 for all the roughness 

geometries considered in the present work. It is highest for 

(p/e) value of 10 for double arc roughness geometry and 

lowest for (p/e) value of 40 for transverse geometry. 

 

 
Fig.1.13. Comparison of Nusselt number with Relative Roughness pitch 

(P/e) for different roughness geometries for fixed value of Reynolds 

number 

 

Fig.1.14. shows the comparison of Efficiency 

Index with Reynolds number for different roughness 

geometries for fixed value of Relative roughness pitch 

(p/e=10), from the graph it can be seen that the efficiency is 

highest for Double arc roughened plate and lowest for 

Transvers roughened plate. More secondary flows are 

generated in the Double arc roughened plate than in the 

Single arc roughened plate and lowest in case of Transvers 

plate hence the efficiency is highest for Double arc 

roughened plate. 
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Fig.1.14. Comparison of Efficiency Index with Reynolds number for 

different roughness geometries for fixed value of Relative roughness pitch 

(p/e=10) 

Fig.1.15. shows the comparison Efficiency Index with 

Relative Roughness pitch (P/e) for different roughness 

geometries for fixed value of Reynolds number. From the 

graph it can be seen that the efficiency index increases with 

the increase in relative roughness (p/e) values for all the 

roughness geometries considered in the present work. It is 

found to be highest for (p/e) value of 40 for Double arc 

roughened plate and lowest for (p/e) value of 10 for 

transverse roughened plate 

 
Fig.1.15. Comparison Efficiency Index with Relative Roughness pitch (P/e) 

for different roughness geometries for fixed value of Reynolds number 

 

VI.CONCLUSION 

1.Use of artificial roughened surface with different type of 

roughness geometries is found to be the most effective 

technique to enhance the heat transfer ratesfrom the heated 

surface to flowing fluid at the cost of moderate rise in fluid 

friction. 

2.In the entire range of Reynolds Number it is found that 

Nusselt number increases and friction factor decreases with 

an increase of Reynolds number in all the cases, Nusselt 

number and friction factor are significantly higher as 

compared to those obtained for smooth absorber plates. This 

is due to the distinct change in the fluid flow characteristics 

as a result of roughness that causes flow separation, 

reattachment and the generation of secondary flows 

3.For all the three roughness geometries (transverse, single 

arc, double arc) it was found that the Nusselt number 

increases as Reynold number increases, the maximum value 

of Nusselt number is found corresponding to relative 

roughness pitch (p/e) of 10, while the minimum value of 

Nusselt number corresponds to relative roughness pitch (p/e) 

of 40. The friction factor decrease as the Reynolds number 

is increased for all the relative roughness pitch (p/e) value, it 

is found to be maximum for relative roughness pitch (p/e) of 

10 and minimum for (p/e) of 40 

4.The efficiency index increases as the Reynolds number is 

increased for all the values of relative roughness pitch (p/e), 

it was found to be maximum for (p/e) value of 40 and 

minimum for (p/e) value of 10. Also the efficiency index 

was found to be increases with increase of (p/e) values and 

it was found to be maximum for (p/e) of 40 and for higher 

Reynolds number of 8000, and was found to be minimum 

for (P/e) value of 10 and for lower Reynolds number of 

3000 

5.The comparison of transvers, single arc, double arc, and 

smooth absorber plate shows that the Nusselt number, 

friction factor and efficiency index is highest for double arc 

shaped roughness followed by single arc, transvers and least 

for smooth absorber plate.  

6.It has also been observed that a lower Reynolds number 

(less than 5000) a smooth plate and an artificially roughened 

plate have very less variation of heat transfer. 

7.It can be concluded that the maximum heat transfer is 

found to be in double arc roughness absorber plate than 

other shapes. 
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