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 

Abstract: Due to the depletion of fossil fuel reserves, it is now 
more important than ever to explore and use alternate forms of 
energy. “Solar energy is a promising long-term solution that can 
meet the world's energy needs. Due to the depletion of fossil fuel 
reserves, it is essential that we explore and use energy-related 
solutions as soon as possible. Solar energy is a promising 
long-term solution. Artificially roughened solar air heaters 
perform better than the smooth ones under the same operating 
conditions. However, artificial roughness leads to even more fluid 
pressure thereby increasing the pumping power. In this article a 
comparative study of thermo-hydraulic performance of two 
different types of artificial roughness geometries attached on the 
absorber plate of solar air heater” has been performed in terms of 
thermo-hydraulic performance parameter. 

Keywords: Solar Energy, Solar Air Heater, Artificial 
Roughness, Thermo-Hydraulic Performance. 

I. INTRODUCTION 

Solar air heaters, because of their simplicity are cheap and 

most widely used collection devices of solar energy, has great 
potential for low temperature applications, particularly for 
drying of agricultural products. “The thermal efficiency of a 
solar air heater is significantly low because of the low value of 
the convective heat transfer coefficient between the absorber 
plate and the air, leading to high absorber plate temperature 
and high heat losses to the surroundings. It has been found 
that the main thermal resistance to the heat transfer is due to 
the formation of a laminar sub-layer on the absorber plate 
heat-transferring surface. An artificial roughness on the heat 
transfer surface in the form of projections mainly creates 
turbulence near the wall or breaks the laminar sub-layer and 
thus enhances the heat transfer coefficient. However, the 
energy for creating such turbulence has to come from the fan 
or blower. It is therefore; the turbulence must be created only 
in the region very close to the heat transferring surface, i.e., in 
the laminar sub-layer only [1-17]. 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, the 
artificial roughness results in higher frictional losses leading 
to excessive power requirement for the fluid to flow through 
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the duct. It is therefore, desirable that the turbulence must be 
created only very close to the surface that is in laminar sub 
layer only, where the heat exchange takes place and the core 
of the flow is not unduly disturbed to avoid excessive losses. 
This can be done by keeping the height of the roughness 
elements small in comparison to the duct dimensions 
[18-33].” A solar air heater is the most commonly used 
collector device due to its simplicity (Fig. 1). They are also 
the least expensive. Aside from solar power, solar air heaters 
are also used for various applications such as heating. Due to 
their simplicity, solar air heaters are commonly used for the 
heating of various areas They can also be used to provide heat 
to spaces with low temperatures.”  

 
Fig. 1. SAH 

To make solar air heaters more financially feasible in the long 
run, their thermal efficiency must be enhanced. This step 
involves increasing the air flow through the duct system and 
the plate to improve the thermal efficiency of the device. An 
increase in the HT between the air flow and the plate can help 
boost the device's thermal efficiency. HT coefficients can be 
divided into two categories.  If solar radiation goes directly 
over the darkened protective surface of the highly absorbent, 
a large part of the vitality is absorbed and replaced in liquid 
tubes into the vehicle medium for capacity diversion or 
utilization. The underside of the safety board and both sides 
are covered from diminishing conduction Several 
investigators have attempted to design a roughness element, 
which can enhance convective heat transfer with minimum 
pumping losses [34-39].” Investigations of solar air heaters 
that form a system with only one roughened wall and three 
smooth walls have been carried out by various. The active 
force techniques that are commonly used involve an acoustic 
field, a surface vibration, or an electric field. The use of a fluid 
field to improve a HT system has been around for over 80 
years. These techniques are known to improve a HT system 
by using a combination of factors, such as an acoustic field 
and an electric field.  
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The use of a fluid field and electric field to achieve this goal 
has been the subject of extensive research. Aside from 
physical surfaces, the techniques used for swirling flow 
involve adding fluid additives and using a variety of devices 
such as twisted tap inserts. To produce a swirling flow, the 
active methods need to have specific surface geometries. For 
over 140 years, researchers have been studying the various 
techniques that were used to improve a HT system. Studies 
carried out by these researchers have shown that the geometry 
of rib, namely shape, pitch, angle of attack and height, affects 
significantly the heat transfer and friction characteristics of 
the duct.  It has been found that discrete inclined or V-shaped 
rib arrangement yields better performance as compared to 
continuous rib arrangement [40-52]. In this article a 
comparative study of thermo-hydraulic performance of two 
different types of artificial roughness geometries attached on 
the absorber plate of solar air heater has been performed in 
terms of thermo-hydraulic performance parameter. 

II.  METHODOLOGY 

 
Thermal performance 
 
 Thermal performance of solar air heater can be expressed 
as:  

          (1) 

or 

         (2) 

The rate of valuable energy gain by flowing air in the course 
of duct of a solar air heater can be intended as follows 
equation; 

       (3) 

The value of heat transfer coefficient (h) can be increased by 
various active and passive augmentation techniques. It can be 
represented in non-dimensional form of Nusselt number (Nu). 

                  (4) 

Further, thermal efficiency of a solar air heater can be 
expressed by the following equation; 

       (5) 

Hydraulic performance 
 Pressure drop can be represented in non-dimensional form 
by using the following relationship of fanning friction factor 
(f). 

f=                  (6) 

Thermo-hydraulic performance 
“An important thermo-hydraulic performance evaluation 

parameter which is used to compare the heat transfer of 
artificially roughened duct to that of a smooth duct under 
constant pumping power constraints as defined by Webb and 
Eckert (1972): 

  (7) 

A value of this parameter higher than unity ensures the 
effectiveness of using an enhancement device and can be used 
to compare the performance of number of arrangements to 
decide the best among these.” 

III. RESULT AND DISCUSSION 

An artificial roughness enhancement can be commonly used 
in forced convection HT to improve the turbulence near the 
HT surface. However, this method requires too much 
electricity to effectively move the air through the duct. In 
most cases, the use of artificial roughness has been widely 
adopted to improve the turbulence near the HT surface. 
However, this method usually consumes a high amount of 
electricity and requires a low power consumption to get 
done.” 

Table 1 Fixed value of geometrical and operating 
parameters. 

Geometrical and operating parameters Fixed value 
Length of duct, L (mm) 1000 
Height of duct, H (mm) 20 
Width of duct, W (mm) 300 
Duct aspect ratio, W/H 15 
Reynolds number, Re 3800-18000 
Angle of attack of flow, α (deg) 60° 
Intensity of solar radiation, I (W/m2) 800 
Chamfer angle, φ (deg) 10° 
Relative roughness pitch, P/e 10 
Relative roughness height, e/D 0.02 
Density of air, ρ (kg/m3) 1.105 
Specific heat of air, Cp (J/kg-k)  1008 
Thermal conductivity of air, k (J/kg-m-k) 0.026 
Viscosity of air, μ (kg/s-m) 1.865x10-5 

 
“The key dimensionless geometrical parameters that are used 
to characterize artificial roughness are: 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. Relative roughness height (e/D): Relative roughness 
height (e/D) is the ratio of rib height to equivalent diameter of 
the air passage. Angle of attack (α): Angle of attack is 

inclination of rib with direction of air flow in duct. Aspect 
ratio: It is ratio of duct width to duct height. This factor also 
plays a very crucial role in investigating thermo-hydraulic 
performance. In this article two different shapes (circular and 
square shaped) of roughness elements are considered for 
comparative analysis. The fixed values of parameters 
considered under the present investigation are given in Table 
1. Fig. 2 shows the variation of thermo-hydraulic performance 
parameter with Reynolds number for circular and wedge 
shape rib roughness geometries used in solar air heaters duct. 
The thermo-hydraulic performance parameter initially tends 
to increase with the rise of Reynolds number and then 
decreases with the further rise of Reynolds number. Hence 
there is an optimum value of relative roughness height, 
relative roughness pitch and Reynolds number which give the 
maximum thermo-hydraulic performance parameter.  
This comparative analysis has proved that square shaped rib 
roughness geometry has the highest thermo-hydraulic 
performance parameter as compared to circular rib roughness 
geometry.” 

https://doi.org/10.54105/ijeer.D1018.081422
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Fig. 2. The variation of THPP with Re 

IV. CONCLUSION 

The major conclusion drawn from the investigations are as 
follows: 
1. Use of artificial “roughness brings about a substantial 

improvement in the performance of the solar air heater 
resulting in size reduction or maximization of heat 
transfer rate. Thereby, conserving energy along with 
savings in material cost.” 

2. Rib Roughness strongly affects the flow pattern and 
hence the performance of the duct. 

3. Solar air heaters with roughened absorbers perform 
better as compared to smooth heaters. 

4. It “was observed that the rate of increase of Nusselt 
number with an increase in Reynolds number is lower 
than the rate of increase of friction factor; this appears 
due to the fact that at relatively higher values of relative 
roughness height, the reattachment of free shear layer 
might not occur and the rate of heat transfer 
enhancement will not be proportional to that of friction 
factor.” 

5. Square shaped rib roughness geometry has the highest 
thermo-hydraulic performance parameter as compared 
to circular rib roughness geometry.” 

REFERENCES 

1. Yadav, A.S. and Bhagoria, J.L. (2013) A CFD analysis of a solar air 
heater having triangular rib roughness on the absorber plate. 
International Journal of ChemTech Research 5, 964-971. 

2. Yadav, A.S. and Bhagoria, J.L. (2015) Numerical investigation of flow 
through an artificially roughened solar air heater. International Journal 
of Ambient Energy 36, 87-100. [CrossRef] 

3. Yadav, A.S., Shrivastava, V., Dwivedi, M.K. and Shukla, O.P. (2021) 
3-dimensional CFD simulation and correlation development for circular 
tube equipped with twisted tape. Materials Today: Proceedings 47, 
2662-2668. 

4. Yadav, A.S., Shrivastava, V., Sharma, A. and Dwivedi, M.K. (2021) 
Numerical simulation and CFD-based correlations for artificially 
roughened solar air heater. Materials Today: Proceedings 47, 
2685-2693. 

5. Yadav, A.S., Shrivastava, V., Sharma, A., Sharma, S.K., Dwivedi, M.K. 
and Shukla, O.P. (2021) CFD simulation on thermo-hydraulic 
characteristics of a circular tube having twisted tape inserts. Materials 
Today: Proceedings 47, 2790-2795. 

6. Yadav, A.S., Shrivastava, V., Chouksey, V.K., Sharma, A., Sharma, 
S.K. and Dwivedi, M.K. (2021) Enhanced solar thermal air heater: A 
numerical investigation. Materials Today: Proceedings 47, 2777-2783. 

7. Yadav, A.S. and Gattani, A. (2022) Solar thermal air heater for 
sustainable development. Materials Today: Proceedings 60, 80-86. 

8. Yadav, A.S. and Gattani, A. (2022) Revisiting the influence of artificial 
roughness shapes on heat transfer enhancement. Materials Today: 
Proceedings 62, 1383-1391. 

9. Yadav, A.S., Prakash Shukla, O. and Singh Bhadoria, R. (2022) Recent 
advances in modeling and simulation techniques used in analysis of 
solar air heater having ribs. Materials Today: Proceedings 62, 
1375-1382. 

10. Yadav, A.S., Dwivedi, M.K., Sharma, A. and Chouksey, V.K. (2022) 
CFD based heat transfer correlation for ribbed solar air heater. Materials 
Today: Proceedings 62, 1402-1407. 

11. Yadav, A.S., Shukla, O.P., Sharma, A. and Khan, I.A. (2022) CFD 
analysis of heat transfer performance of ribbed solar air heater. 
Materials Today: Proceedings 62, 1413-1419. 

12. Kumar, R., Verma, S.K., Mishra, S.K., Sharma, A., Yadav, A.S. and 
Sharma, N. (2022) Performance Enhancement of Solar Air Heater using 
Graphene/Cerium Oxide and Graphene-Black Paint Coating on 
Roughened Absorber Plate. International Journal of Vehicle Structures 
and Systems 14. [CrossRef] 

13. Yadav, A.S., Agrawal, A., Sharma, A., Sharma, S., Maithani, R. and 
Kumar, A. (2022) Augmented artificially roughened solar air heaters. 
Materials Today: Proceedings 63, 226-239. 

14. Yadav, A.S., Agrawal, A., Sharma, A. and Gupta, A. (2022) Revisiting 
the effect of ribs on performance of solar air heater using CFD approach. 
Materials Today: Proceedings 63, 240-252. 

15. Yadav, A.S., Gupta, S., Agrawal, A., Saxena, R., Agrawal, N. and 
Nashine, S. (2022) Performance enhancement of solar air heater by 
attaching artificial rib roughness on the absorber Plate. Materials Today: 
Proceedings 63, 706-717. 

16. Yadav, A.S., Mishra, A., Dwivedi, K., Agrawal, A., Galphat, A. and 
Sharma, N. (2022) Investigation on performance enhancement due to 
rib roughened solar air heater. Materials Today: Proceedings 63, 
726-730. 

17. Kumar, R., Anupam Rao, Y., Yadav, A.S., Balu, A., Prasad Panda, B., 
Joshi, M., Taneja, S. and Sharma, A. (2022) Application of phase 
change material in thermal energy storage systems. Materials Today: 
Proceedings 63, 798-804. 

18. Yadav, A.S. (2008) Experimental investigation of heat transfer 
performance of double pipe U-bend heat exchanger using full length 
twisted tape. International Journal of Applied Engineering Research 3, 
399-407. 

19. Yadav, A.S. (2009) Effect of half length twisted-tape turbulators on heat 
transfer and pressure drop characteristics inside a double pipe u-bend 
heat exchanger. Jordan Journal of Mechanical and Industrial 
Engineering 3, 17-22. 

20. Yadav, A.S. and Bhagoria, J.L. (2013) An Economic Analysis of a Solar 
System. Corona Journal of Science and Technology 2, 3-7. 

21. Yadav, A.S. and Bhagoria, J.L. (2013) Renewable Energy Sources-An 
Application Guide: Energy for Future. International Journal of Energy 
Science 3, 70-90. 

22. Yadav, A.S. and Bhagoria, J.L. (2013) A CFD based heat transfer and 
fluid flow analysis of a conventional solar air heater. Journal of 
Engineering Science and Management Education 6, 137-146. 

23. Bhaskar, B., Bhadoria, R.S. and Yadav, A.S. (2013) Transportation 
system of coal distribution: a fuzzy logic approach using MATLAB. 
Corona Journal of Science and Technology 2, 20-30. 

24. Yadav, A.S. and Qureshi, T.A. (2013) A CFD analysis of an artificially 
roughened solar air heater. TIT International Journal of Science and 
Technology 2, 70-73. 

25. Thapak, M.K. and Yadav, A.S. (2014) A comparative study of 
artificially roughened solar air heater. Corona Journal of Science and 
Technology 3, 19-22. 

26. Thapak, M.K. and Yadav, A.S. (2014) Analysis approaches of an 
artificially roughened solar air heater. Corona Journal of Science and 
Technology 3, 23-27. 

27. Qureshi, T.A. and Yadav, A.S. (2016) Heat transfer enhancement by 
swirl flow devices. International Journal of Current Engineering And 
Scientific Research 3, 122-127. 

 
 
 
 
 
 

https://doi.org/10.1080/01430750.2013.823107
https://doi.org/10.4273/ijvss.14.2.23
https://doi.org/10.54105/ijeer.D1018.081422


 
A Relative Study of Solar Air Heater Having Turbulators 

   10           

Published By: 
Lattice Science Publication (LSP) 
© Copyright: All rights reserved. 

Retrieval Number:100.1/ijeer.D1018081422 
DOI: 10.54105/ijeer.D1018.081422  
Journal Website: www.ijeer.latticescipub.com 
 

 

28. Khan, I.A., Yadav, A.S. and Shakya, A.K. (2016) Prognosis and 
diagnosis of cracks of cantilever composite beam by vibration analysis 
and hybrid AI technique. International Journal of Advanced Technology 
in Engineering And Science 4, 16-23. 

29. Yadav, A.S., Khan, I.A. and Bhaisare, A.K. (2016) CFD Investigation of 
Circular and Square Sectioned Rib Fitted Solar Air Heater. International 
Journal of Advance Research in Science and Engineering (IJARSE) 5, 
386-393. 

30. Yadav, A.S. and Singh, S. (2016) A CFD analysis of an artificially 
roughened solar air heater. RGI International Journal of Applied Science 
& Technology 10 & 11, 1-6. 

31. Dwivedi, S., Yadav, A.S. and Badoniya, P. (2017) Study of Thin Walled 
Cone by Using of Finite Element Analysis in Deep Drawing. 
International Journal of Advanced Technology in Engineering and 
Science 5, 587-591. 

32. Qureshi, T.A., Yadav, A.S. and Jain, A. (2017) Recent alternative 
sources of energy- A brief review. RGI International Journal of Applied 
Science & Technology 12 & 13, 70-71. 

33. Yadav, A.S., Singh, D.K., Soni, G. and Siddiqui, D.A. (2020) Artificial 
Roughness and Its Significance on Heat Transfer of Solar Air Heater: 
An Assessment. International Journal of Scientific Research and 
Engineering Development 3, 1134-1149. 

34. Yadav, A.S. and Thapak, M.K. (2014) Evaluation of Turbulence 
Intensity in Rectangular Duct of A Solar Air Heater Attached with 
Repeated Ribs. In: Advancements And Current Trends In Industrial, 
Mechanical And Production Engineering, Eds: A. Verma, A. Kumar 
and M.K. Pradhan, Excellent Publishing House, New Delhi  India. pp 
108-115. 

35. Prasad, R., Yadav, A.S., Singh, N.K. and Johari, D. (2019) Heat 
Transfer and Friction Characteristics of an Artificially Roughened Solar 
Air Heaer. In: Advances in Fluid and Thermal Engineering, Lecture 
Notes in Mechanical Engineering, Eds: P. Saha, P.M.V. Subbarao and 
B.S. Sikarwar, Springer, Singapore. pp 613-626. 

36. Yadav, A.S. and Sharma, S.K. (2021) Numerical Simulation of Ribbed 
Solar Air Heater. In: Advances in Fluid and Thermal Engineering, 
Lecture Notes in Mechanical Engineering, Eds: B.S. Sikarwar, B. 
Sundén and Q. Wang, Springer, Singapore. pp 549-558. [CrossRef] 

37. Yadav, A.S., Shrivastava, V., Ravi Kiran, T. and Dwivedi, M.K. (2021) 
CFD-Based Correlation Development for Artificially Roughened Solar 
Air Heater. In: Recent Advances in Mechanical Engineering, Lecture 
Notes in Mechanical Engineering, Eds: A. Kumar, A. Pal, S.S. 
Kachhwaha and P.K. Jain, Springer, Singapore. pp 217-226. [CrossRef] 

38. Shrivastava, V., Yadav, A.S. and Shrivastava, N. (2021) Comparative 
Study of the Performance of Double-Pass and Single-Pass Solar Air 
Heater with Thermal Storage. In: Recent Advances in Mechanical 
Engineering, Lecture Notes in Mechanical Engineering, Eds: A. Kumar, 
A. Pal, S.S. Kachhwaha and P.K. Jain, Springer, Singapore. pp 227-237. 
[CrossRef] 

39. Shrivastava, V., Yadav, A.S. and Shrivastava, N. (2022) Thermal 
performance assessment of greenhouse solar dryer. In: Recent Trends in 
Thermal Engineering, Lecture Notes in Mechanical Engineering Eds: R. 
Kumar, A.K. Pandey, R.K. Sharma and G. Norkey, Springer, Singapore. 
pp 75-82. 

40. Yadav, A.S. (2008) Augmentation of heat transfer in double pipe heat 
exchanger using full & half-length twisted tape inserts. CSVTU 
Research Journal 1, 67-73. 

41. Yadav, A.S. and Bhagoria, J.L. (2013) A CFD (computational fluid 
dynamics) based heat transfer and fluid flow analysis of a solar air heater 
provided with circular transverse wire rib roughness on the absorber 
plate. Energy 55, 1127-1142. [CrossRef] 

42. Yadav, A.S. and Bhagoria, J.L. (2013) Heat transfer and fluid flow 
analysis of solar air heater: A review of CFD approach. Renewable and 
Sustainable Energy Reviews 23, 60-79. [CrossRef] 

43. Yadav, A.S. and Bhagoria, J.L. (2013) Modeling and Simulation of 
Turbulent Flows through a Solar Air Heater Having Square-Sectioned 
Transverse Rib Roughness on the Absorber Plate. The Scientific World 
Journal 2013, 827131. [CrossRef] 

44. Yadav, A.S. and Bhagoria, J.L. (2014) A CFD based thermo-hydraulic 
performance analysis of an artificially roughened solar air heater having 
equilateral triangular sectioned rib roughness on the absorber plate. 
International Journal of Heat and Mass Transfer 70, 1016-1039. 
[CrossRef] 

45. Yadav, A.S. and Bhagoria, J.L. (2014) A numerical investigation of 
square sectioned transverse rib roughened solar air heater. International 
Journal of Thermal Sciences 79, 111-131. [CrossRef] 

46. Yadav, A.S. and Bhagoria, J.L. (2014) Heat transfer and fluid flow 
analysis of an artificially roughened solar air heater: a CFD based 
investigation. Frontiers in Energy 8, 201-211. [CrossRef] 

47. Yadav, A.S. and Bhagoria, J.L. (2014) A Numerical Investigation of 
Turbulent Flows through an Artificially Roughened Solar Air Heater. 
Numerical Heat Transfer, Part A: Applications 65, 679-698. [CrossRef] 

48. Yadav, A.S. and Thapak, M.K. (2014) Artificially roughened solar air 
heater: Experimental investigations. Renewable and Sustainable Energy 
Reviews 36, 370-411. [CrossRef] 

49. Yadav, A.S. (2015) CFD investigation of effect of relative roughness 
height on Nusselt number and friction factor in an artificially roughened 
solar air heater. Journal of the Chinese Institute of Engineers 38, 
494-502. [CrossRef] 

50. Yadav, A.S. and Thapak, M.K. (2016) Artificially roughened solar air 
heater: A comparative study. International Journal of Green Energy 13, 
143-172. [CrossRef] 

51. Chouksey, V.K., Yadav, A.S., Raha, S., Shrivastava, V. and Shrivas, 
S.P. (2021) A theoretical parametric analysis to optimize the bed depth 
of packed bed solar air collector. International Journal of Green Energy 
19, 775-785. [CrossRef] 

52. Yadav, A.S. and Sharma, A. (2022) Experimental Investigation on Heat 
Transfer Enhancement of Artificially Roughened Solar Air Heater. Heat 
Transfer Engineering, 1-14. [CrossRef] 

AUTHORS PROFILE 

Gyaneshwar Sanodiya, pursuing M. Tech. (Thermal 
Engineering) in the Department of Mechanical 
Engineering at Oriental College of Technology, Bhopal 
(MP). He received his Diploma in Production Engineering 
from S V Polytechnic College Bhopal (MP). He received 
his Bachelor’s Degree in Mechanical Engineering from 

Trinity Institute of Technology & Research, Bhopal (MP). 
 

https://doi.org/10.1007/978-981-16-0159-0_49
https://doi.org/10.1007/978-981-15-9678-0_19
https://doi.org/10.1007/978-981-15-9678-0_20
https://doi.org/10.1016/j.energy.2013.03.066
https://doi.org/10.1016/j.rser.2013.02.035
https://doi.org/10.1155/2013/827131
https://doi.org/10.1016/j.ijheatmasstransfer.2013.11.074
https://doi.org/10.1016/j.ijthermalsci.2014.01.008
https://doi.org/10.1007/s11708-014-0297-7
https://doi.org/10.1080/10407782.2013.846187
https://doi.org/10.1016/j.rser.2014.04.077
https://doi.org/10.1080/02533839.2014.998165
https://doi.org/10.1080/15435075.2014.917419
https://doi.org/10.1080/15435075.2021.1961263
https://doi.org/10.1080/01457632.2022.2079048
http://

