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CHAPTER-I  

INTRODUCTION 

Renewable energy is becoming an increasingly significant concern in today's world. 

Industrial evolution and population expansion have led to a hike in the global demand of 

energy in recent years. Fossil fuels are becoming too expensive and are environmentally 

damaging and additionally they rely on finite natural resources that will eventually fade out. 

Therefore, alternative forms of energy like solar energy, wind energy, biomass energy, hydro 

energy, geothermal energy etc. have got attention. However, none of these is sufficiently 

developed or abundant enough to completely substitute for fossil fuels use. Each one of these 

energy sources has low environmental costs, and have the potential to be important in 

avoiding a massive crisis when there is scarcity of fossil fuel reserves. 

 Solar energy is the most promising source of renewable energy as it is abundantly 

available almost everywhere. Future energy demands as well as high cost of energy have 

resulted in increased efforts of designing more efficient equipment for conversion of solar 

energy. Solar energy can be used directly for generating electricity, space heating, drying of 

agricultural products, water heating, solar cooling, and a variety of commercial and industrial 

uses (Kumar and Kim 2015). There is a wide range of equipment available for the utilization 

of solar energy such as solar water heater, solar air heater, solar crop dryer, solar photovoltaic 

systems, etc. (Tiwari 2013).  

Solar air heater is one of the widely-used equipment through which the solar energy is 

converted into thermal energy which is absorbed by the working medium i.e. air. A 

conventional solar air heater consists of glass cover(s), absorber plate, ducts or channels of 

fluid flow, glazing, air blower, etc. The solar air heaters are often employed for space heating, 

crop drying and other industrial uses (Sukhatme and Nayak 2011). 

The conventional solar air heater is thermally inefficient due to the low value of 

convective heat transfer coefficient between the smooth absorber plate and flowing air (Alam 

and Kim 2017). When turbulent air flows through the smooth duct, a laminar sub-layer is 

formed near to plate surface which decreases the convective heat transfer coefficient (Hans et 

al 2009).  

Different techniques for boosting the thermal performance of conventional solar air 

heaters has been explored such as packed bed (Kumar and Kim 2017), double pass (Ravi and 

Saini 2016), baffles and obstacles (Karwa et al 2005), artificial rib roughness (Yadav and 
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Thapak 2014), corrugated absorber (Hwang et al 2006), etc. All the methods significantly 

increase the heat transfer with the parallel increase in frictional losses.   

Among all these methods, implementation of artificial rib roughness on the absorber 

plate efficiently increases the heat transfer rate with lesser increase in pumping power 

requirement as compared to other enhancement methods (Hans et al 2017). The artificial 

roughness is used on the underside of the absorber plate. Only the flow at the near wall region 

is disturbed by the small roughness elements which breaks the laminar sub-layer adjacent to 

absorber plate and the core flow is not affected (Singh et al 2015). Artificial roughness in 

different geometries has been explored by numerous investigators for improving the thermo-

hydraulic performance of the conventional solar air heaters (Alam and Kim 2017).  

A number of experimental as well as Computational Fluid Dynamics (CFD) studies 

on artificial roughness have been conducted for different shapes to evaluate the performance 

of artificially roughened solar air heater (Yadav and Bhagoria 2013). Nearly all of the 

investigations employed the rib of uniform circular or square cross-section except in a study 

by Singh et al (2015) that used non-uniform rib cross-section in his CFD analysis and 

reported better thermal and hydraulic performance. The CFD modelling involves numerical 

solutions of the conservation equations for mass, momentum and energy that describe fluid 

flow for predefined geometries and boundary conditions. While the experimental studies on 

artificial roughness are time consuming, expensive and only provide knowledge of the overall 

heat transfer coefficient, CFD approach provides fast and less costly solutions for the 

optimization of the roughened solar air heaters and provides in depth analysis of the fluid 

flow. This research is expected to optimize the roughness and flow parameters of this rib 

roughness for increasing the thermo-hydraulic performance and will be a step towards 

enhancing the knowledge of rib roughness geometries employed in solar air heater duct. 

Keeping above in mind a study on non-uniform cross-section rib roughness titled 

“Computational fluid dynamics analysis of heat and fluid flow of square wave profile 

transverse rib roughened solar air heater duct” has been proposed with the following 

specific objectives: 

i. To study the effect of roughness and flow parameters on Nusselt number and friction 

factor in non-uniform cross-section square wave profile transverse rib roughened 

solar air heater duct. 

ii. To determine optimum roughness and flow parameters based on thermo-hydraulic 

performance.  



 
 

CHAPTER-II 

REVIEW OF LITERATURE  

Numerous shapes of artificial rib roughness have been investigated by different 

authors to evaluate the performance of artificially roughened solar air heater. Most of these 

geometries have uniform cross section. A few rib roughness geometries employing non-

uniform cross section have also been reported. The review of various rib roughness 

geometries available in the literature is given below. 

Prasad and Mullick (1983) introduced the concept of fixing small diameter wires on 

the underside of the absorber plate for heat transfer augmentation. The relative roughness 

height of 0.019 and relative roughness pitch of 12.7 were taken as the roughness parameters 

in this investigation. The outcome of this study reported the enhancement in the efficiency 

from 62 % to 72 % at Reynolds number of 40000.  

Prasad and Saini (1988) experimentally investigated the influence of small diameter 

protrusion wires applied as roughness elements on the absorber plate to study their effect on 

heat transfer coefficient and friction factor in fully developed region. The study was carried 

out for relative roughness pitch from 10-20, relative roughness height from 0.020-0.033 and 

Reynolds number from 5000-50000. The application of rib roughness reported the Nusselt 

number enhancement of 2.38 times and friction factor enhancement of 4.35 times evaluated 

over a smooth duct. The optimum values of relative roughness pitch and relative roughness 

height were found to be 10 and 0.027 respectively. The study also suggests that the height of 

the roughness elements should be nearly equal to the laminar sub-layer thickness.  

 Gupta et al (1997) conducted an experimental study on the application of the inclined 

circular transverse ribs to investigate the heat and fluid flow characteristics of a roughened 

solar air heater duct. The investigation encompassed the relative roughness height from 0.018-

0.052, Reynolds number from 3000-18000, duct aspect ratio from 6.8-11.5, and fixed relative 

roughness pitch of 10. The study reported the maximum augmentation in Nusselt number and 

friction factor of 1.8 and 2.7 times that of a smooth duct at relative roughness height of 0.033 

and angle of attack of 60°. Further the best thermohydraulic performance of roughened duct 

was obtained at relative roughness height of 0.033 corresponding to Reynolds number of 

14000. The variation of Stanton number in transitional and fully developed flow was also 

studied. Stanton number was observed as increasing with the increment in Reynolds number 

up to 12000 and thereafter it decreased.  

Saini and Saini (1997) determined the heat transfer characteristics and friction factor 

of a solar air heater duct roughened with expanded metal mesh geometry. As an alternative to 

transverse ribs, authors suggested the use of commercially available metal matrix which can 
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be easy to fix on absorber plate. The investigation considered relative long-way mesh length 

from 25-71.87, relative short-way mesh length from 15.62-46.87, relative roughness height 

from 0.12-0.039 and Reynolds number from 1900-13000. The maximum enhancement in 

Nusselt number of 4 times was observed at long-way mesh length of 46.87 and relative short-

way mesh length of 25. The maximum friction factor enhancement of 5 times was reported at 

the relative long-way mesh length of 71.87 and relative short-way mesh length of 15.62.  

Karwa (1999) carried out an experimental study to determine the effect of chamfered 

ribs applied in transverse direction as artificial roughness for predicting the thermo-hydraulic 

performance of the roughened solar air heater duct. One wall was roughened and subjected to 

uniform heat flux while other walls were kept insulated. The parameters range were taken as 

duct aspect ratio from 4.8-12, relative roughness height from 0.0141-0.0328, relative 

roughness pitch from 4.5-8.5, rib chamfer angle from -15° to 18° and Reynolds number from 

3000-20000. The maximum enhancement in Stanton number and friction factor was found to 

be 2 and 3 times at relative roughness height of 0.0265, relative roughness pitch of 7.5 and rib 

chamfer angle of 15°.  

Verma and Prasad (2000) made use of transverse wire roughness and investigated the 

thermo-hydraulic performance in actual outdoor conditions. The parameters range were taken 

as relative roughness pitch from 10-40, roughness Reynolds number (e+) from 8-42 and 

relative roughness height from 0.01-0.03. Maximum thermo-hydraulic performance of 71% 

has been obtained at roughness Reynolds number (e+) of 24, relative roughness pitch of 10 

and relative roughness height of 0.0228. 

Momin et al (2002) performed an experimental investigation on thermo-hydraulic 

performance due to application of V-shape rib roughness on the absorber plate. The 

parameters were taken as Reynolds number from 2500-18000, angle of attack from 30°-90°, 

relative roughness height from 0.02-0.034 and fixed relative roughness pitch of 10. The 

obtained values of Nusselt number and friction factor were substantially higher than the 

smooth duct and maximum value of Nusselt number enhancement and friction factor 

enhancement were reported as 2.20 and 2.83 times respectively. Angle of attack of 60° and 

relative roughness height of 0.034 reported the maximum Nusselt number, friction factor and 

thermo-hydraulic performance parameter. Further, V-shape rib roughness was found to 1.14 

times better than inclined ribs under similar conditions.  

Karwa (2003) performed an experimental investigated solar air heater duct roughened 

using different rib geometries viz. transverse, inclined, V-up continuous, V-down continuous, 

V-up discrete and V-down discrete ribs. The parameters were considered as Reynolds number 

from 2800-15000, relative roughness height from 0.0467-0.050 and relative roughness pitch 

of 10. The Stanton number improvement was reported as 65-90%, 87-112%, 102-137%, 110-
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147%, 93-134%, 102-142% respectively and concluded that V-down discrete rib resulted in 

maximum thermal performance.  

Sahu and Bhagoria (2005) experimentally studied the thermal performance of the 

broken transverse rib roughened solar air heater duct. Experiments were conducted for 

Reynolds number from 3000-12000, roughness pitch (P) from 10-30 mm and rib height of 1.5 

mm. Nusselt number attains maximum value at roughness pitch (P) of 20 mm and thereafter it 

decreases. The heat transfer coefficient of the roughened absorber plate is increased by 1.25-

1.4 times than the smooth plate operating under similar conditions.   

Jaurker et al (2006) performed an experimentation on the combination of rib and 

groove geometry as artificial roughness elements. The parameters in this experimentation 

were taken as Reynolds number from 3000-21000, relative roughness pitch from 4.5-10, 

relative roughness height from 0.0181-0.0363 and relative groove position ratio from 0.3-0.7. 

The application of rib-grooved roughness enhanced the Nusselt number by 2.7 times and 

friction factor by 3.6 times over the smooth duct. The best thermal and hydraulic performance 

was reported at relative roughness pitch of 6, relative groove position of 0.4 and relative 

roughness height of 0.0363.  

Karmare and Tikekar (2007) explored the fluid flow and heat transfer characteristics 

of rectangular duct which is made rough by using metal grit roughness on the underside of the 

absorber surface. The effect of metal grit geometry was investigated for the parameter range 

as Reynolds number from 4000-17000, relative roughness pitch from 12.5-36, relative 

roughness height from 0.035-0.044, relative length of grit from 1.72-1. It was observed that 

the roughened plate with relative roughness pitch of 17.5, relative roughness height of 0.044 

and relative length of grit of 1.72 reported maximum heat transfer coefficient. The maximum 

friction factor was reported for relative roughness pitch of 12.5, relative roughness height of 

0.044 and relative length of grit of 1.72. Also it was shown that at lower Reynolds number, 

smooth plate was better than roughened plate.  

Aharwal et al (2008) conducted an experimentation on heat and fluid flow 

characteristics in a rectangular solar air heater duct roughened with periodic inclined ribs of 

square cross-section with a gap. The investigation considered relative roughness pitch of 10, 

relative roughness height of 0.0377, and angle of attack of 60°. The relative gap width, 

relative gap position and Reynolds number were varied from 0.5–2, 0.1667–0.667 and 3000-

18000 respectively. The maximum enhancement observed in Nusselt number and friction 

factor was 2.59 and 2.87 times respectively obtained at rib parameters viz. relative gap width 

of 1.0 and the relative gap position of 0.25 at Reynolds number of 12000.  

Saini and Saini (2008) experimentally studied the performance of solar air heater duct 

roughened with arc shaped parallel wires as roughness elements. Study on the heat transfer 
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coefficient and friction factor was conducted for the rib parameters range of relative 

roughness height from 0.0213-0.0422 and relative arc angle (α/90) from 0.3333- 0.6666 and 

studied for the Reynolds number from 2000-17000. The application of arc shaped roughness 

geometry resulted in the maximum enhancement in Nusselt number and friction factor of 3.80 

and 1.75 times obtained at relative arc angle (α/90) of 0.3333 and relative roughness height of 

0.0422.   

Saini and Verma (2008) introduced the new concept of dimple shaped artificial 

roughness provided onto the underside of absorber plate of the duct. Investigation range of 

Reynolds number from 2000-12000, relative roughness height from 0.018-0.037, relative 

roughness pitch from 8-12 was considered. The maximum Nusselt number was obtained 

corresponding to relative roughness pitch of 10 and relative roughness height of 0.0379. 

Whereas friction factor was found to be lowest at relative roughness height of 0.0289 and 

relative roughness pitch of 10.  

Varun et al (2008) studied the roughness combination of transverse and inclined ribs 

for the parameters as Reynolds number from 2000-14000, relative roughness pitch from 3-8, 

relative roughness height of 0.030 and duct aspect ratio of 10. Results show that the relative 

roughness pitch of 8 gave the best thermal performance. 

Bopche and Tandale (2009) carried out an experimentation to predict the thermo-

hydraulic performance of solar air heater duct artificially roughened with inverted U-shaped 

turbulator. The investigation considered the parameters as Reynolds number from 3800-

18000, relative roughness height from 0.0186-0.03986, relative roughness pitch from 6.67-

57.14 and angle of attack of 90°. The enhancement obtained in Nusselt number and friction 

factor using U-shaped turbulators was 2.82 and 3.72 times as compared to the smooth duct.  

Hans et al (2010) presented a study of the heat transfer and friction factor for multiple 

V-ribs roughness selecting the parameters range as relative roughness height from 0.019-

0.043, relative roughness pitch from 6-12, angle of attack from 30-75° and relative roughness 

width from 1-10 and Reynolds number from 2000-20000. The investigation revealed that 

Nusselt number peaks at relative roughness width of 6 and is lower on both sides. The 

enhancement in Nusselt number and friction factor due to application of multi V-rib 

roughness was reported to be 6 and 5 times respectively that of smooth duct. 

Lanjewar et al (2011) conducted an experimental study on the thermo-hydraulic 

performance of the W-shaped rib roughened solar air heater duct. The parameters were taken 

as Reynolds number from 2300-14000, relative roughness height from 0.018-0.03375, angle 

of attack from 30-75° and fixed relative roughness pitch of 10. The Nusselt number and 

friction factor were enhanced by 2.36 and 2.01 times respectively that of a smooth duct under 

similar conditions.  
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Singh et al (2011) carried out experimentation on the heat and fluid flow 

characteristics of a solar air heater duct roughened with periodic discrete v-down ribs. The 

studies covered the parameter range as relative roughness pitch from 4-12, relative gap width 

from 0.5-2.0, relative gap position (d/w) from 0.20-0.80, angle of attack from 30-75°, relative 

roughness height from 0.015-0.043 and investigated for Reynolds number from 3000-15000. 

The maximum enhancement in Nusselt number and friction factor as a result of providing this 

rib roughness was reported as 3.04 and 3.11 times respectively. This enhancement is 

attributed to the increased flow mixing and turbulence resulted from flow through the gap.  

Kumar et al (2012) presented an experimental study on solar air heater duct 

roughened by multiple v-shaped rib with gap. The investigation incorporated the parameter 

range of Reynolds number from 2000-20000, relative gap distance from 0.24-0.80 and 

relative gap width from 0.5-1.5. Other geometrical parameters were kept fixed as relative 

roughness height of 0.043, relative roughness pitch of 10, angle of attack of 60° and relative 

width ratio of 6. The maximum augmentation in Nusselt number and friction factor over the 

smooth duct was reported to be 6.32 and 6.12 times respectively.  

Yadav et al (2013) employed arc shaped dimple roughness for the parameter range of 

Reynolds number from 3600-18100, relative roughness pitch from 12-24, relative roughness 

height from 0.015-0.03 and angle of the protrusion arrangement from 45-75°. They found that 

the maximum enhancement in Nusselt number and friction factor was 2.89 and 2.93 times 

respectively as compared to smooth duct for the relative roughness height of 0.03, relative 

roughness pitch of 12, and arc angle value of 60°. 

Yadav and Bhagoria (2014a) investigated heat and fluid flow characteristics of 

rectangular solar air heater duct comprising periodic transverse rib roughness of square cross-

section. Simulations were carried out in 2-D using CFD code ANSYS FLUENT 12.1. Twelve 

different rib configurations of square section were evaluated in the parameter range of relative 

roughness pitch from 7.14-35.71, relative roughness height from 0.021-0.042 and Reynolds 

number from 3800-18000. Best thermohydraulic performance parameter with square cross-

section transverse rib has been found to be 1.88 at the parameters; relative roughness pitch of 

10.71, relative roughness height of 0.042 and Reynolds number of 12000. 

Yadav and Bhagoria (2014b) conducted a 2-D numerical investigation on equilateral 

triangular sectioned transverse rib roughness by use of CFD code ANSYS FLUENT 12.1. 

Parameters range were taken as relative roughness pitch from 7.14-35.71, relative roughness 

height from 0.021-0.042 and Reynolds number from 3800-18000. Maximum enhancement in 

Nusselt number of 3 times and friction factor enhancement of 3.56 times over that of smooth 

duct was observed corresponding to the relative roughness pitch of 7.14, Reynolds number of 

15000 and relative roughness height of 0.042.  
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Jin et al (2015) presented a 3-D numerical investigation of heat and fluid flow 
characteristics of a solar air heater duct having multiple V-shaped ribs. Computations were 
performed using the CFD Code ANSYS Fluent 14.0 and RNG k-ε turbulence model. The 
investigation covered spanwise V-rib number from 3-10, relative rib pitch from 3-20, relative 
rib height from 0.03-0.11, angle of attack from 30˚-75˚, and for Reynolds number from 8000-
20000. The maximum thermo-hydraulic performance parameter was obtained at relative 
roughness pitch of 5, Reynolds number of 8000, spanwise rib number (W/w) of 5 and relative 
roughness height of 0.03. 

Alam and Kim (2016) conducted a numerical study on thermohydraulic performance 
improvement of solar air heater duct employing semi ellipse shaped obstacles. 3-D 
simulations have been performed in ANSYS Fluent 16.0 using Renormalization-group (RNG) 
k-ε turbulence model. Two different forms namely; inline and staggered arrangements were 
examined. The staggered rib arrangement was found resulting in maximum Nusselt number 
enhancement of 2.05 times and friction factor enhancement of 6.93 times respectively, at an 
angle of attack of 75˚ while the corresponding improvement obtained in the inline 
arrangement was 1.73 and 6.12 times that of smooth duct. 

Deo et al (2016) experimentally studied the heat transfer, friction factor and 
thermohydraulic performance characteristics of rectangular solar air heater duct employing 
artificial roughness in the form of multi-gap V-down ribs combined with staggered ribs. The 
duct had aspect ratio of 12 and the Reynolds number range from 4000 to 12000 was 
investigated. The range of rib parameters was incorporated as relative roughness pitch from 4-
14, angle of attack from 40°-80°and relative roughness height from 0.026-0.057. The fixed 
parameters were gap width to rib height ratio of 1, staggered rib length to rib height ratio of 
4.5, relative staggered rib pitch of 0.65. The maximum values of Nusselt number 
enhancement and thermohydraulic performance parameter were 3.34 and 2.45 times 
respectively. 

Gawande et al (2016) carried out experimental and 2-D CFD investigation of solar air 
heater with reverse L-shaped ribs using the CFD code ANSYS FLUENT with design 
variables such as relative roughness pitch from 7.14-17.86, Reynolds number from 3800-
18000. Whereas the relative roughness height was kept fixed as 0.042. The maximum 
enhancement in Nusselt number over the smooth duct of 2.827 times was achieved at the 
relative roughness pitch of 7.14, relative roughness height of 0.042 at Reynolds number 
15000 and the enhancement in friction factor has been found to be 3.424 times over the 
smooth duct at Reynolds number of 3800 for the same rib parameters. 

Kumar and Kim (2016) carried out 3-D CFD analysis of various V-pattern ribs 
namely, V- rib, protrusion rib in V-pattern, dimpled rib in V-pattern, and V- rib combined 
with groove in the Reynolds number range 5000-20000. The fixed parameters were relative 
roughness height of 0.040, relative roughness pitch of 10 and angle of attack of 60°. They 
concluded that V-pattern rib with a combination of groove results in maximum 
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thermohydraulic performance as compared to other investigated shapes of V-pattern rib in this 
study. 

Hans et al (2017) experimentally evaluated the heat transfer and fluid flow 
characteristics of broken arc rib roughened solar air heater duct. The investigation considered 
rib parameters as relative roughness pitch from 4 to 12, relative gap width from 0.5-2.5, 
relative gap position from 0.2-0.8, relative roughness height from 0.022-0.043 and arc angle 
from 15˚-75˚ for Reynolds number range of 2000–16000. The enhancement obtained in 
Nusselt number and friction factor values were 2.63 and 2.44 times respectively 
corresponding to geometrical parameters as relative roughness pitch of 10, relative gap width 
of 1.0, arc angle of 30˚, relative gap position of 0.65 and relative roughness height of 0.043. 

Kumar et al (2017) studied the influence of the arc shape wire ribs arranged in ‘S’ 
shape on the heat transfer and friction factor characteristics of solar air heater. The 
experimentation considered Reynolds number from 2400-20000 and rib parameters as relative 
roughness pitch from 4–16, relative roughness height from 0.022–0.054, relative roughness 
width from 1–4 and arc angle from 30–75˚. Experimentation shows the maximum 
enhancement in Nusselt number and friction factor of 4.64 and 2.71 times over the smooth 
duct at relative roughness width of 3, relative roughness pitch of 8 and arc angle of 60˚. 

Singh et al (2015a) introduced the concept of non-uniform cross-section ribs as 
roughness elements and presented a 3-D CFD investigation using CFD code ANSYS 
FLUENT 15.0. A non-uniform saw toothed cross-sectioned transverse rib was compared with 
uniform cross sectioned circular, square and trapezoidal transverse ribs. Reynolds number 
was varied from 3000-15000. The maximum enhancement in Nusselt number for saw-tooth 
rib and trapezoidal rib was 1.78 and 1.50 respectively. The corresponding enhancement in 
friction factor was found to be 2.49 and 3.74 respectively. 

Singh and Singh (2017) numerically evaluated the solar air heater duct roughened 
with non-uniform cross-section saw tooth rib. The 3-D CFD investigation encompassed the 
parameter range as Reynolds number from 3000-15000 and relative roughness pitch from 4-
30. The relative roughness height and saw-tooth angle were taken as 0.043 and 45° 
respectively. Both the Nusselt number and friction factor were maximum at relative 
roughness pitch of 16 for the investigated Reynolds number range. The maximum Nusselt 
number and friction factor enhancement over smooth duct was 2.18 and 3.34 respectively at 
Reynolds number of 15000 and relative roughness pitch of 16. 

The above literature review has been summarized in Table 2.1. It has been observed 
from the literature that as compared to uniform cross-section ribs, the enhancement in Nusselt 
number was more in non-uniform cross-section rib roughness, and pumping power penalty 
was also less. So, it was decided to investigate in detail the transverse rib with non-uniform 
cross-section of another profile in the form of square wave for which detailed study is not 
available. 
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Table 2.1 Summary of previous investigations on artificially roughened solar air 
heater ducts. 

Investigators Geometrical Illustration Parameter range Optimum 
values 

 

 

Prasad and 
Saini (1988) 

  
Transverse wire rib 

 

P/e: 10-20 

e/D: 0.20-0.33 

Re: 5000-50000 

 

P/e: 10 

e/D: 0.027 

Re: 12000 

 

 

Gupta et al 
(1997) 

  
Inclined continuous rib 

 

e/D: 0.02-0.05 

α: 60°-70° 

P/e: 10 

Re: 4000-18000 

 

 

e/D: 0.033 

α: 60° 

Re: 14000 

 

 

 

Saini and Saini 
(1997) 

 
 

Expanded metal mesh rib 

 

e/D: 0.012-0.039 

S/e: 15.62-46.87 

L/e: 25-71.87 

Re: 1900-13000 

 

e/D: 0.039 

S/e: 15.62 

L/e: 71.87 

Re: 9500 

 

Karwa et al 
(1999) 

 

 

 
Chamfered rib 

 

e/D: 0.14-0.32 

�: 15°-18° 

P/e: 4.5-8.5 

Re: 3000-20000 

 

e/D: 

0.0265 

P/e: 7.25 

�:15° 

Re: 8000 

 

 

Verma and 
Prasad (2000) 

 

 

Transverse wire rib 

e/D: 0.01-0.03 

P/e: 10-40 

e+: 8-42 

Re: 5000-20000 

e/D: 0.022 

P/e: 10 

e+: 24 

Re: 15000 

 

 

Momin et al 
(2002) 

 
 

V-shaped rib 

 

e/D: 0.020-0.034 

P/e: 10 

α: 30°-90° 

Re: 2500-18000 

 

 

e/D: 0.034 

α: 60° 

Re: 12000 
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Karwa et al 
(2003) 

 

 
Various V- Shapes 

 

e/D: 0.0467- 

0.050 

W/H: 7.19-7.79 

P/e: 10 

Re: 2800-15000 

 

 

e/D: 0.050 

W/H:7.42 

Re: 14000 

 

 

Sahu and 
Bhagoria 

(2005) 

 

 
90° broken transverse rib 

 

P: 10-30 mm 

W/H: 8 

Re: 3000-12000 

e: 1.5 mm 

 

P: 20 mm 

Re: 9000 

 

 

Jaurker et al 
(2006) 

  
Grooved rib 

 

e/D: 0.018-0.0363 

P/e: 4.5-10 

g/p: 0.3-0.7 
 

Re: 3000-21000 

 

e/D: 

0.0363 

P/e: 6 

g/p: 0.4 

Re: 18000 

 

 

Karmare and 

Tikekar (2007) 

 

 
Metal grit rib 

 

e/D: 0.030-0.044 

P/e: 12.5-36 

l/s: 1-1.72 

Re: 4000-17000 

 

 

e/D: 0.044 

P/e: 17.5 

l/s: 1.72 

Re: 15000 

 

 

 

Aharwal et al 
(2008) 

  
Inclined continuous rib with gap 

 

P/e: 10 

e/D: 0.0377 

W/H: 5.87 

α: 60°-90° 

g/e: 0.5-2.0 

Re: 3000-18000 

 

α: 60° 

g/e: 1.0 

Re: 17000 
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Saini and Saini 
(2008) 

 

 
Arc shaped rib 

 

e/D: 0.0213-0.0422 

P/e: 10 

α/90: 0.333-0.666 

W/H: 12 

Re: 2000-17000 

 

e/D: 

0.0422 

α/90: 0.333 

Re: 16000 

 

 

Saini and 
Verma (2008) 

 

 
Dimple shaped rib 

 

e/D: 0.18-0.37 

P/e: 8-12 

Re: 2000-12000 

 

 

e/D: 0.026 

P/e: 10 

Re: 12000 

 

 

 

 

Varun et al 

(2008) 

 
 

Combination of inclined and transverse 
rib 

 

e/D: 1-6 

P/e: 3-8 

W/H: 10 

Re: 2000-14000 

 

 

e/D: 6 

P/e: 8 

Re: 12000 

 

Bopche and 
Tandale (2009) 

 
U-shaped turbulators 

 

e/D: 0.018-0.0398 

P/e: 6.67-57.14 

α: 90° 

Re: 3800-18000 

 

e/D:0.0398 

P/e: 6.67 

Re: 12000 

 

 

 

Hans et al 
(2010) 

  
Multi v-shaped rib 

 

P/e: 6-12 

e/D: 0.019-0.043 

W/w: 1-10 

α: 30°-75° 

Re: 2000-20000 

 

 

P/e: 8 

W/w: 6 

α: 60° 

Re: 15000 

 

Lanjewar et al 
(2011)  

 

 
W-shaped ribs 

P/e: 10 

e/D: 0.018-0.0337 

α: 30°-75° 

Re: 2300-14000 

e/D: 

0.0337 

α: 60° 
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Singh et al 
(2011) 

 
 

 
Discrete V-down ribs 

 

P/e: 4-12 

e/D: 0.015-0.043 

α: 30°-75° 

g/e: 0.5-2.0 

d/w: 0.20-0.80 

Re: 3000-15000 

 

P/e: 8 

e/D: 0.043 

α: 60° 

g/e: 1 

d/w: 0.65 

 

 

Kumar et al 
(2012) 

 

 
Multi v- shaped rib with gap 

 

 

e/D: 0.043 

P/e: 10 

α: 60° 

W/w: 6 

d/w: 0.24-0.80 

g/e: 0.5-1.5 

Re: 2000-20000 

 

 

 

d/w: 0.69 

g/e: 1 

Re: 18000 

 

 

 

 

Yadav and 

Bhagoria 

(2013) 

 

 

 

 

P/e: 12-24 

e/D: 0.015-0.03 

α: 45°-75° 

Re: 3600-18100 

 

 

P/e: 12 

e/D: 0.03 

α: 60° 

 

 

 

 

Yadav and 

Bhagoria 

(2014a) 

 
 

Triangular shaped rib 

 

P/e: 7.14-35.71 

e/D: 0.021-0.042 

Re: 3800-18000 

 

 

P/e: 7.14 

e/D: 0.042 

Re:15000 

 

 

 

 

Yadav and 

Bhagoria 

(2014b) 

 

 

 
Square shaped rib 

 

P/e: 7.14-35.71 

e/D: 0.021-0.042 

Re: 3000-18000 

 

 

P/e: 10.71 

e/D: 0.042 

Re:12000 
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Jin et al (2015) 

 
Multi V-shaped ribs 

 

P/e: 3-20 

e/D: 0.03-0.11 

α: 30˚-75˚ 

Re: 8000-20000 

 

P/e: 3 

W/w: 6 

α: 45˚ 

 

 

Singh et al 

(2015) 

 

 
Trapezoidal rib 

 

 
Non-uniform saw tooth shaped rib 

 

P/e: 8 

e/D = 0.043 

Re: 3000-15000 

 

 

Re:6000 

 

Alam and Kim 

(2016) 

 
 

Semi ellipse shaped obstacles 

 

P/e: 3.5 

α: 30˚-90˚ 

Re: 6000-18000 

 

α: 75˚ 

 

 

Deo et al 

(2016) 

 
Multi-gap V-down with staggered ribs 

 

P/e: 4-14 

e/D: 0.026-0.057 

α: 40˚-80˚ 

g/e: 1 

w/e: 4.5 

Re: 4000-12000 

 

P/e: 12 

e/D: 0.044 

α: 60˚ 

Re: 12000 

 

Gawande et al 

(2016) 

 

 
Reverse L-shaped ribs 

 

P/e: 7.14-17.86 

e/D: 0.042 

Re: 3800-18000 

 

P/e: 7.14 

Re: 15000 

 

Kumar and 

Kim (2016) 

 
 V-rib 
 Dimpled in V-pattern  
 Protrusion in V-pattern 
 Grooves in V-pattern 

 

P/e: 10 

e/D: 0.040 

α: 60˚ 

e/dp: 0.5 

g/p: 0.6 

Re: 5000-20000 

 

 

- 
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Hans et al 

(2017) 

 

 
Broken arc ribs 

 

P/e: 4-12 

e/D: 0.022-0.043 

α: 15˚-75˚ 

g/e: 0.5-2.5 

d/w: 0.20-0.80 

Re: 2000-16000 

 

P/e: 10 

e/D: 0.043 

α: 30˚ 

g/e: 1 

d/w: 0.65 

Re: 12000 

 

Kumar et al 

(2017) 

 

 
S shaped ribs 

 

P/e: 4-16 

e/D: 0.022-0.054 

α: 30˚-75˚ 

W/w: 1-4 

Re: 2400-20000 

 

P/e: 8 

e/D: 0.043 

α: 60˚ 

W/w: 3 

 

Singh and 

Singh (2017) 

 

 
 

Non-uniform saw tooth shaped rib 

 

P/e: 4-30 

e/D: 0.043 

θ: 45˚ 

Re: 3000-15000 

 

P/e: 16 

Re: 9000 

 

 
 

 

 

 

 

 

  



 
 

CHAPTER-III 

MATERIALS AND METHODS 

The research titled “Computational Fluid Dynamics Analysis on Heat and Fluid Flow 

of Square Wave Profile Transverse Rib Roughened Solar Air Heater Duct” was conducted at 

School of Renewable Energy Engineering, Punjab Agricultural University, Ludhiana, in the 

year 2016-17. The present study investigates the influence of repeated non-uniform cross-

section transverse ribs of square wave profile on the Nusselt number and friction factor 

characteristics. The methodology adopted for the CFD analysis of the solar air heater duct is 

presented in the sections below: 

COMPUTATIONAL DETAILS 

The CFD analysis of solar air heater duct with square wave profiled transverse ribs 

has been carried out in 3-D using ANSYS Academic Research CFD 15.0. CFD employs the 

principle of resolving the problem under consideration in number of small cells and applying 

the continuity, momentum and energy equations on each cell and simulate the results for the 

pressure and temperature distribution in the roughened duct.  

Fig. 3.1 illustrates the schematic view of the solar air heater duct employing 

roughness elements in the form of non-uniform cross-section transverse rib of square wave 

profile. The three-dimensional duct has a length, width and height as 1000 mm, 300 mm and 

25 mm respectively and hydraulic diameter of 46.15 mm. The periodic ribs are applied 

underneath the absorber plate and the remaining walls were kept smooth and considered 

adiabatic. The roughened plate is subjected to heat flux of 1000 W/m2. 

 

Fig. 3.1 Schematic view of solar air heater duct roughened with non-uniform cross-
section square wave profiled transverse ribs.  
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ROUGHNESS GEOMETRY AND RANGE OF PARAMETERS 

The present study is conducted on transverse rib of non-uniform cross-section of 

square wave profile as shown in Fig. 3.2. The investigation considered the parameters, 

relative roughness pitch from 4-30, relative roughness height from 0.015-0.043, relative 

roughness width from 10-310 and Reynolds number from 3000-15000. The investigated 

values of parameters considered in the present study are summarized in Table 3.1. 

 

 

Fig. 3.2   Transverse ribs of square wave profile non-uniform cross-section and uniform 
square cross-section. 

Table 3.1 Summary of the parameters covered in the present investigation. 

Parameter Values 
Reynolds number (Re) 3000, 6000, 9000, 12000, 15000 
Relative roughness pitch (P/e) 4, 10, 16, 24, 30 
Relative roughness height (e/D) 0.015, 0.019, 0.029, 0.035, 0.043 
Relative roughness width (W/w) 10, 85, 160, 235, 310 

 

Table 3.2 Various combination of parameters investigated in the present study. 

S. 
No. 

Relative 
roughness pitch 

Relative 
roughness width 

Relative 
roughness height 

Reynolds number 

1 4 160 0.043 3000 
2 4 160 0.043 6000 
3 4 160 0.043 9000 
4 4 160 0.043 12000 
5 4 160 0.043 15000 
6 10 160 0.043 3000 
7 10 160 0.043 6000 
8 10 160 0.043 9000 
9 10 160 0.043 12000 
10 10 160 0.043 15000 
11 16 160 0.043 3000 
12 16 160 0.043 6000 
13 16 160 0.043 9000 
14 16 160 0.043 12000 
15 16 160 0.043 15000 
16 24 160 0.043 3000 
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S. 
No. 

Relative 
roughness pitch 

Relative 
roughness width 

Relative 
roughness height 

Reynolds number 

17 24 160 0.043 6000 
18 24 160 0.043 9000 
19 24 160 0.043 12000 
20 24 160 0.043 15000 
21 30 160 0.043 3000 
22 30 160 0.043 6000 
23 30 160 0.043 9000 
24 30 160 0.043 12000 
25 30 160 0.043 15000 
26 10 10 0.043 3000 
27 10 10 0.043 6000 
28 10 10 0.043 9000 
29 10 10 0.043 12000 
30 10 10 0.043 15000 
31 10 85 0.043 3000 
32 10 85 0.043 6000 
33 10 85 0.043 9000 
34 10 85 0.043 12000 
35 10 85 0.043 15000 
36 10 160 0.043 3000 
37 10 160 0.043 6000 
38 10 160 0.043 9000 
39 10 160 0.043 12000 
40 10 160 0.043 15000 
41 10 235 0.043 3000 
42 10 235 0.043 6000 
43 10 235 0.043 9000 
44 10 235 0.043 12000 
45 10 235 0.043 15000 
46 10 310 0.043 3000 
47 10 310 0.043 6000 
48 10 310 0.043 9000 
49 10 310 0.043 12000 
50 10 310 0.043 15000 
51 10 85 0.015 3000 
52 10 85 0.015 6000 
53 10 85 0.015 9000 
54 10 85 0.015 12000 
55 10 85 0.015 15000 
56 10 85 0.019 3000 
57 10 85 0.019 6000 
58 10 85 0.019 9000 
59 10 85 0.019 12000 
60 10 85 0.019 15000 
61 10 85 0.026 3000 
62 10 85 0.026 6000 
63 10 85 0.026 9000 
64 10 85 0.026 12000 
65 10 85 0.026 15000 
66 10 85 0.035 3000 
67 10 85 0.035 6000 
68 10 85 0.035 9000 
69 10 85 0.035 12000 
70 10 85 0.035 15000 
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3.3 GOVERNING EQUATIONS  

The turbulent air flow through the solar air heater duct is governed by 3-D equations 

of continuity, momentum and energy which are represented by following mathematical 

equations (Kumar and Kim 2016): 

Continuity Equation:  

                                       ∇. .ߩ ) ( ݒ⃗ = 0                                   (3.1) 

Momentum Equation: 

         ∇. .ߩ ) . ݒ⃗ ݌∇- = ( ݒ⃗ + ∇. ቀߤ ቂ(∇⃗ݒ + (்ݒ⃗∇ − ଶ
ଷ
∇.  ቃቁ               (3.2)ܫݒ⃗

Energy Equation:  

 ∇. ቀ ሬܸ⃗ ܧߩ) + ቁ(݌ = ∇. (݇௘௙௙∇ܶ − ℎ⃗ܬ + ቀߤ ቂ(∇߭⃗ + (்ݒ⃗∇ − ଶ
ଷ
∇. ቃܫݒ⃗ . ߭⃗ቁ             (3.3) 

 

3.4 SELECTION OF TURBULENCE MODEL AND FLOW DOMAIN 

To ensure the accuracy of the numerical results in the CFD analysis, appropriate 

turbulence model must be selected. In a previous research conducted by Singh et al (2015), 

the Nusselt number was predicted for smooth duct by various turbulence models (Table 3.3). 

3-D flow domain of smooth duct of full length of 1000 mm and a periodic duct length of 16 

mm were considered. The predicted values were compared with Nusselt number determined 

using Gnielinski correlation (Eq. 3.4) and Dittus-Boelter correlation (Eq 3.5).  

Nu=
ቀ౜ఴቁ(ୖୣିଵ଴଴଴)୔୰

ଵାଵଶ.଻ቀ౜ఴቁ
బ.ఱ
൫୔୰మ య⁄ ିଵ൯

      for 3000 < Re < 10000               (3.4) 

                          Nu = 0.023 Re଴.଼Pr଴.ସ   for Re > 10000               (3.5) 

Table 3.3  Percentage of Average absolute deviation in Nusselt number from empirical 
correlations predicted under periodic and non-periodic conditions by 
different turbulence models.  

 
Turbulence Model 

Average absolute deviation (%) 

Periodic condition Non-periodic 
condition 

Standard k-ε model 32.12 20.26 
Standard k- ε with enhanced wall treatment 12.52 12.87 
Standard RNG k- ε 39.39 20.21 
RNG6k- ε8withxenhancedywallvtreatment 10.28 13.06 
Standard Realizable k-ε 19.25 21.02 
Realizable8k- ε with enhanced wall*treatment 11.93 12.81 
Standard k-ω 25.68 13.99 
SST k-ω 19.07 13.17 
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It is clear from the Table 3.3 that RNG k-ε with enhanced wall treatment provides 

most accurate predictions with deviation of 10.28% from the values calculated from the above 

empirical correlations. The periodic flow field provides more accuracy as compared to full 

duct length of 1000 mm.  

The turbulence model RNG k-ε with enhanced wall treatment has also been employed 

in other widely accepted numerical studies on rib roughened solar air heater duct reported by 

Yadav and Bhagoria (2013), Yadav and Bhagoria (2014a), Yadav and Bhagoria (2014b), 

Kumar and Kim (2016), Jin et al (2015), Karmare and Tikekar (2010) and Gawande et al 

(2016). The numerical results reported by the above authors for different rib geometries are in 

conformity with the experimental results. Therefore, to reduce the computational effort of the 

solution and more accurate predictions, periodic flow domain and turbulence model RNG k-ε 

with enhanced wall treatment has been selected for present CFD analysis. 

3.5  CFD METHODOLOGY 
3.5.1   Pre-processing 

In the present study, 3-D rib roughened rectangular flow domain is prepared using 

ANSYS DesignModeler 15.0. Only one pitch length was modelled for the investigation (Fig. 

3(a)) and symmetric boundary conditions are applied at the inlet. The duct has aspect ratio of 

12 with dimensions of 300 mm x 25 mm. Rib parameters were varied accordingly and their 

individual effect on the performance was investigated by keeping the other two parameters 

fixed at a time.   

 

Fig. 3.3 (a) Schematic view of periodic computational domain of square wave rib 
roughened duct for CFD analysis (b) Grid generation on 3-D computational 
domain. 
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Grid generation for the computational domain was done in ANSYS Meshing 

component as shown in Fig. 3(b). Initially the flow domain is solved with coarse meshing and 

gradient adaption technique was sequentially used for refining the mesh in the areas where 

large variation occurs.  

3.5.2 Grid independence test 

For the solution refinement, grid independence test has been performed using gradient 

adaption technique. Mesh was made successively finer in the areas where large variation 

occurs. The gradient adaption was applied for maximum 10% variation in the parameters 

namely temperature, pressure, velocity, wall shear stress and turbulence intensity respectively 

(Singh and Singh 2017). The mesh after successive gradient adaptions for relative roughness 

pitch of 10, relative roughness width of 160, relative roughness height of 0.043 is shown in 

Fig. 3.4. The number of elements were increased from 49099 to 803226 in five steps. Table 

3.2 shows the comparison for the resulting Nusselt number after successive gradient adaptions 

at relative roughness pitch of 10 and Reynolds number of 15000. It can be seen that after 

successive adaptions, the change in Nusselt number reduces and is small (<1%). So, the 

results after all the gradient adaptions can be considered as grid independent. Therefore, the 

gradient adaptions were done for all the combinations of rib and flow parameters as to make 

result grid independent. 

    
(a)         (b) 
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(c)          (d) 

    
       (e)           (f) 
 

Fig. 3.4 Grid after successive gradient adaptions at relative roughness pitch (P/e) of 10 
(a) Before adaptions (49099 cells) (b) Temperature gradient adaption (100584 
cells) (c) Pressure gradient adaption (248515 cells) (d) Velocity gradient 
adaption (649663 cells) (e) Wall shear stress gradient adaption (684853) cells 
(f) Turbulence intensity gradient adaption (803226 cells). 

Table 3.4 Nusselt number after successive gradient adaptions for relative roughness 
pitch of 10 and Reynolds number of 15000. 

Adaptions Number of Elements Nusselt number Variation in Nusselt 
number (%) 

Before adaption 49099 76.28 - 

Temperature 100854 72.29 5.23 

Pressure 248515 72.44 0.20 

Velocity 641663 72.53 0.12 

Wall shear stress 684853 72.96 0.59 

Turbulence intensity 803226 72.84 0.16 

 

3.5.3 Solution calculation 

Finite volume based numerical method is used to solve the governing equations. Fluid 

properties are specified and boundary conditions in terms of mass flow rate calculated using 

Reynolds number were applied at inlet. Uniform heat flux of 1000 W/m2 was applied on the 

absorber plate. At the other walls, adiabatic boundary conditions were applied. Initially, air 

temperature in the duct is taken as 300K. Double precision pressure based solver and 

discretization upwind scheme of the second order is considered for the solution calculation. 

The residuals for the convergence of solution are selected as 10-10 for the energy equation and 
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10-5 each for the equations of continuity, velocity, turbulent kinetic energy and turbulent 

dissipation rate (Singh and Singh 2017). 

3.6 VALIDATION OF THE CFD METHODOLOGY 

For validation of the CFD methodology, the analysis on solar air heater duct with 

transverse rib roughness has been conducted using the CFD methodology and compared with 

the results from the experimental study by Gupta et al (1993). Fig. 3.5 illustrates the 

schematic of circular rib roughened solar air heater duct experimentally investigated by Gupta 

et al (1993) and the periodic rib roughness geometry investigated using CFD for the 

comparison purpose. The investigation parameters were taken same as in the experimental 

study conducted by Gupta et al (1993) viz., relative roughness pitch of 10, relative roughness 

height of 0.043, aspect ratio (W/H) of 11.5 and Reynolds number (Re) range of 3000-15000. 

 

Fig. 3.5 Schematic of circular rib roughened solar air heater duct experimentally 
investigated by Gupta et al (1993) and periodic rib roughness geometry 
investigated using CFD. 

Fig. 3.6 compares the Nusselt number predicted by the proposed CFD method with 

the experimental results. It can be seen that the trends of the CFD results are in good 

agreement with the experimental outcomes with average absolute deviation of 7.75% from the 

experimental values.  

So, the proposed CFD methodology can be used to predict the experimental results 

within reasonable accuracy and therefore can be used for the analysis of the rib roughened 

solar air heater duct. 



24 

 
Fig. 3.6  Comparison of the CFD results with the results from experimental study 

conducted by Gupta et al (1993). 
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CHAPTER-IV 

RESULTS AND DISCUSSION 

The heat and fluid flow characteristics of the solar air heater duct employing “non-

uniform cross-section transverse rib of square wave profile are obtained using ANSYS 

Academic Research CFD 15.0. The investigation covered the rib parameters, relative 

roughness pitch (P/e) from 4-30, relative roughness height (e/D) from 0.015-0.043 and 

relative roughness width (W/w) from 10-310 and were investigated for Reynolds number (Re) 

from 3000-15000. The outcomes of the present study are discussed in detail below: 

4.1   NUSSELT NUMBER CHARACTERISTICS  

The application of non-uniform cross-section square wave profiled transverse rib as 

artificial roughness on the absorber plate causes obstruction to the flow breaking the laminar 

sub-layer adjacent to the absorber plate. This results in the augmentation in heat transfer 

coefficient between absorber plate and air as compared to smooth duct due to the separation 

and reattachment of the boundary layer. Consequently, higher Nusselt number is achieved as 

a result of providing roughness. The “effect of different roughness and flow parameters on heat 

transfer enhancement of the roughened solar air heater duct are presented below: 

4.1.1 “   Effect of Reynolds Number ” 

Fig. 4.1 has been plotted to depict the Nusselt number variation with Reynolds 

number at relative roughness pitch values from 4-30 for non-uniform cross-section square 

wave profiled rib and compared with smooth duct. To study this effect, the relative roughness 

height and relative roughness width were kept fixed as 0.043 and 160 respectively. It has been 

noticed that the increase in Reynolds number leads to increase in Nusselt number for the 

investigated range of relative roughness pitch.  

Fig. 4.2 illustrates the effect of Reynolds number on the flow pattern which clarifies 

the heat transfer characteristics at different Reynolds numbers. It can be evidently seen from 

Fig. 4.2 (a) that at lower Reynolds number of 3000, the reattachment distance is quite large 

and the flow reattachment length is very small. Thus, there exist a low heat transfer zone 

behind the rib due to flow recirculation which extends to a large distance downstream from 

the rib until reattachment starts happening. However, as the Reynolds number is increased to 

9000, the reattachment point shifts closer to the rib on its upstream side.  

As the reattachment distance decreases with the increase in Reynolds number, the 

reattachment length is increased (Fig. 4.2 (b)). More air comes in contact with the absorber 

plate and as result of this, Nusselt number increases at Reynolds number of 9000. Further 

increasing Reynolds number decreases the reattachment distance to a great extent and 
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reattachment of the flow occurs for more length (Fig. 4.2 (c)). Thus, more length resembles 

higher local Nusselt number and low heat transfer zone is significantly reduced. Thus, best 

extraction of heat is possible in this case and consequently Nusselt number is maximum at 

Reynolds number of 15000.  

 

Fig. 4.1   Effect of Reynolds number on Nusselt number for different values of relative 
roughness pitch. 

The contours of static temperature validate the above trend of Nusselt number 

variation with Reynolds number. It is clearly indicated in the Fig. 4.3 that the static 

temperature is higher behind the rib at lower Reynolds number and the area corresponding to 

the higher static temperature is also high (Fig. 4.3(a)). This is due to large flow reattachment 

distance on the downstream side of the rib. Fig. 4.3 (b) shows that at Reynolds number of 

9000, the static temperature lowers at little distance behind the rib which indicates the 

reattachment of the flow. The area corresponding to higher static temperature reduces behind 

the rib which is due to the effect of reduction in flow reattachment distance as discussed 

earlier (Fig. 4.2 (b). At Reynolds number of 15000, there is further reduction in reattachment 

distance and hence reduction in low heat transfer area behind the rib which can be seen by 

lower static temperature from Fig. 4.3 (c).  

As the lower static temperature implies better heat transfer rate, the Reynolds number 

of 15000 offers maximum value of Nusselt number. Also, slightly lower static temperature is 

0

10

20

30

40

50

60

70

80

3000 6000 9000 12000 15000

N
us

se
lt

 n
um

be
r

Reynolds number

P/e-4

P/e-10

P/e-16

P/e-24

P/e-30

smooth duct



27 

observed behind the rib where air flows through gaps as compared to area between two gaps 

where higher static temperature exists. This shows the improvement in the heat transfer 

characteristics at the gap positions behind the rib. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 4.2 Streamlines inside the duct on mid-plane normal to the absorber at P/e of 10 
and Re values of (a) 3000 (b) 9000 and (c) 15000. 
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(a) 

 

 

(b) 
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(c) 

Fig. 4.3   Contours for static temperature on a parallel plane at distance of 1.5 mm from 
absorber at P/e of 10 and Re values of (a) 3000 (b) 9000 and (c) 15000. 

 

4.1.2 Effect of relative roughness pitch 

Fig 4.1 is redrawn as Fig. 4.4 for clearly understanding the influence of relative 

roughness pitch on Nusselt number. It has been observed that Nusselt number attains 

maximum value at relative rib pitch value of 10 and is lower on both sides of this value. The 

lowest Nusselt number corresponds to relative roughness pitch of 4. This is attributed to the 

phenomena of optimal length of the flow reattachment between the ribs which is accountable 

for the maximum enhancement in heat transfer rate. 

The flow reattachment characteristics between two consecutive ribs is demonstrated 

in Fig. 4.5. It can be seen that the obstruction created by the ribs to the flow causes 

recirculation close to the rib area and reduction in the flow velocity. It is observed that flow 

reattachment is not possible for the relative roughness pitch of 4 (Fig. 4.5 (a)) which may be 

due to the fact that roughness elements are too close to allow the flow contact with the heat 

transfer surface. Hence major portion of the area between two successive ribs have low heat 

transfer rate due to the flow not coming in contact with the roughened absorber plate. But at 

relative rib pitch of 10, the reattachment of flow can be clearly seen (Fig. 4.5 (b)). The flow 

remains attached for an optimal length between the two ribs where local Nusselt number is 
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high and then the flow separation takes place at the next rib. With further increase in pitch of 

the roughness elements, the reattachment length of the flow becomes too large which can be 

seen from Fig. 4.5(c). The local Nusselt number starts reducing downstream as we move 

along the reattached flow. Laminar sub-layer starts developing as the distance between two 

consecutive ribs becomes large. Hence there is increase in lower heat transfer area between 

two ribs resulting in lower Nusselt number.  

Thus, among the investigated values, relative pitch of 10 has more reattachment 

points per unit length. Higher local Nusselt number at the reattachment points results in 

higher overall Nusselt number. Consequently, the Nusselt number peaks at relative roughness 

pitch of 10 and decreases when increased beyond 10. 

 

Fig. 4.4 Variation of Nusselt number with relative roughness pitch for different values 
of Reynolds number. 
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(a) 

 

(b) 

 
(c) 

Fig. 4.5   Streamlines showing the flow characteristics and reattachment of the flow 
between two consecutive ribs on the mid-plane of the duct at Re of 15000 for 
P/e values of (a) 4 (b) 10 and (c) 30. 

  



32 

Fig. 4.6 presents the static temperature contours at different relative roughness pitch 

value for Reynolds number of 15000. It can be observed that the static temperature is high 

behind the rib because of the recirculation of the flow and lowers at a certain distance on both 

sides of the rib. Similar trend of static temperature is observed for other pitch values. Static 

temperature is lowest for relative roughness pitch of 10 which shows the conformity with the 

maximum heat transfer rate obtained at this value. Then it increases with further increase in 

relative pitch up to 30. This can be observed from the maximum scale values of contours of 

static temperature. At lower pitch, static temperature is higher downstream side of the rib as 

no re-attachment is happening in this case (Fig. 4.6 (a)). The laminar sub-layer formation at 

higher relative roughness pitch values results in higher scale value of static temperature 

throughout the duct length (Fig. 4.6 (c)) justifying comparatively lower Nusselt number at 

higher pitch values.  

 

(a) 
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 (b) 

 

(c)  

Fig. 4.6 Contours for Static temperature a parallel plane at distance of 1.5 mm from 
absorber for Re of 15000 and P/e values of (a) 4 (b) 10 (c) 30. 
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The variation of Nusselt number enhancement over that of smooth duct at 

different relative pitch values for Reynolds number range 3000-15000 can be seen in Fig. 

4.7. The Nusselt number enhancement sharply increases up to relative roughness pitch of 

10 and then decreases with further increase up to 30. The Nusselt number enhancement is 

maximum for the Reynolds number of 15000 for all the pitch values. The maximum 

enhancement of 2.14 times is achieved at relative roughness pitch of 10 and Reynolds 

number of 15000. 

 

Fig. 4.7 Variation of Nusselt number enhancement with relative roughness pitch for 
different values of Reynolds number. 

4.1.3 Effect of relative roughness width 
To investigate the effect of relative roughness width on the performance of the rib 

roughened duct, relative roughness pitch was kept fixed as 10 as it accounts for maximum 

Nusselt number as obtained in earlier section. Relative height of the roughness elements was 

fixed as 0.043 and relative roughness width was varied as 10, 85, 160, 235, 310 and 

investigated for Reynolds number values of 3000, 6000, 9000, 12000 and 15000. 

Fig. 4.8 shows the Nusselt number as a function of Reynolds number for different   

values of relative roughness width. As expected, there is increase in the Nusselt number with 

the increase in Reynolds number from 3000 to 15000 and the reason of this increase is same 

as discussed earlier in section 4.1.1 in reference to Fig. 4.2.   
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Fig. 4.8 Variation of Nusselt number with Reynolds number for different values of 
relative roughness width. 

Fig. 4.8 is redrawn as Fig. 4.9 to determine the impact of relative roughness width on 

Nusselt number for the Reynolds number ranging 3000-15000. The Nusselt number has been 

observed maximum at the relative roughness width of 85 and is lower on both sides of this 

value. This might be for the reason that at lower relative roughness width of 10, the width of 

the gap is more and hence there is more area in between two consecutive gaps which 

resembles low heat transfer rate. 

 This phenomenon is illustrated by the velocity streamlines in Fig. 4.10 showing fluid 

flow characteristics at different relative width values. At relative roughness width of 10, the 

reattachment distance is large where the air flows over the full cross-section of the rib and this 

area along the whole duct width is more due to lower number of rib openings (Fig. 4.10 (a). 

Thus, the low heat transfer area in the whole duct is also higher due to more recirculation 

zone. Whereas the air flowing through the gaps lowers the reattachment distance. But due to 

higher gap width, more area on the backside of the full cross-section of the rib is unaffected as 

the flow goes straight across the gap (Fig. 4.11 (a)). The secondary flow through the gap 

affects only small area near the edges and flow velocity behind the rib reduces to great extent. 

Thus, local Nusselt number lowers at major portion of the area between two rib gaps and 

hence flow through the large gaps is not much effective. Consequently, average Nusselt 

number is less for relative roughness width of 10. However, at relative roughness width of 85, 
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the recirculation behind the ribs is substantially decreased due to the secondary flow through 

these gaps (Fig. 4.10 (b)). The reattachment distance for the relative width of 85 decreases 

and consequently reattachment length increases optimally. Further the flow through gaps 

expands past the gap and thus affects the flow between two consecutive gaps (Fig. 4.11 (b)). 

High flow velocity near the rib is maintained at the gap and the full cross-section region as 

compared to high velocity gradient for relative width value of 10. Thus, lower heat transfer 

area reduces as compared to relative roughness width of 10 and average Nusselt number value 

increases at the relative roughness width of 85. Further increasing the relative rib width 

reduces the gap size which causes reduction in the flow velocity and the strength of the 

secondary flow to break down the eddies Fig. 4.10 (c) and Fig. 4.11 (c). The reattachment 

points also shift farther through the full rib cross-section and rib openings, so reattachment 

length decreases. Consequently, the average Nusselt number decreases as relative roughness 

width is increased beyond 85.   

 

Fig. 4.9 Variation of Nusselt number with relative roughness width for different 
values of Reynolds number. 
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(a) 

  

(b) 

  

(c) 

Fig. 4.10 Streamlines inside the duct near the mid-plane normal to absorber for Re of 
15000 and W/w values of (a) 10 (b) 85 and (c) 310. 
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(a)  

 

(b) 

 

(c) 

Fig. 4.11 Streamlines through the rib gaps on a parallel plane at distance of 1.5 mm 
from absorber at Re of 15000 and W/w values of (a) 10 (b) 85 and (c) 310. 
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Fig. 4.12 shows the variation in static temperature due to relative roughness width for 

relative roughness pitch of 10 and Reynolds number of 15000. The static temperature is 

higher behind the rib which indicates comparatively lower heat transfer zone. At relative 

width of 10, more area corresponds to the higher static temperature which signifies the lower 

heat transfer rate. This area is reduced at relative roughness width of 85 and again it develops 

with the increasing number of rib openings. The static temperature is lowest for the roughness 

width value of 85 which confirms the highest heat transfer rate. The maximum observed 

values of static temperature are 376 K, 369 K, 373 K, 381 K, 384 K for relative roughness 

width values of 10, 85, 160, 235, 310 respectively. As lower static temperature indicates 

higher rate of heat extraction, the relative roughness width of 85 offers maximum Nusselt 

number.” 

 

 

(a) 
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(b) 

 

(c) 

Fig. 4.12   Contours of static temperature on a parallel plane at distance of 1.5 mm from 
absorber for W/w values of (a) “10 (b) 85 and (c) 310. 

Fig. 4.13 has been plotted to find out the impact of relative width of the roughness 

elements on the enhancement in Nusselt number. For the investigated Reynolds number range 
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of 3000-15000, Nusselt number enhancement improves up to relative roughness width of 85 

and falls with further increase up to 310. The enhancement is maximum for Reynolds number 

of 15000 for all investigated values of relative width of the roughness elements. The 

maximum enhancement in Nusselt number is observed to be 2.22 times over the smooth duct 

at relative roughness width of 85 and Reynolds number of 15000. 

 

Fig. 4.13     Variation of Nusselt number enhancement with relative roughness width for 
different values of Reynolds number. 

4.1.4 Effect of relative roughness height 

To investigate the effect of the rib height on the Nusselt number characteristics of the 

rib roughened duct, relative roughness pitch and relative roughness width were kept fixed as 

10 and 85 respectively as these parameters corresponds to maximum Nusselt number obtained 

above. Relative roughness height was varied as 0.015, 0.019, 0.026, 0.035, 0.043 and 

investigated for Reynolds number values of 3000, 6000, 9000, 12000 and 15000. 

The effect of relative height of the rib on Nusselt number for Reynolds number 3000 - 

15000 is presented in Fig. 4.14 and Fig. 4.15. In all the cases, Nusselt number tends to 

increase as the Reynolds number increases from 3000 to 15000 and this variation has been 

explained earlier in section 4.1.1. Nusselt number continuously enhances with the increment 

in relative rib height. For the entire Reynolds number range, Nusselt number is found to be 

highest for relative roughness height of 0.043. 
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Fig. 4.14 Variation of Nusselt number with Reynolds number for different values of 
relative roughness height. 

  

Fig. 4.15 Variation of Nusselt number with relative roughness height for different 
values of Reynolds number. 
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The Nusselt number characteristics with the variation in rib height can be clearly 

understood from streamlines inside the duct from Fig. 4.16. It can be seen that the application 

of rib roughness disrupts the viscous sub-layer and turbulence is generated close to the ribs. 

The turbulence intensifies with the increase in rib height as rib protrudes more into core flow. 

For all rib heights, relative roughness pitch was kept fixed as 10. So, with variation in rib 

height, the basic flow structure remains same. But as the relative roughness height is 

increased from 0.015 to 0.043, the reattachment distance is seen decreasing and consequently, 

the reattachment length is increased. It has been observed that for relative roughness height of 

0.015, the reattachment starts nearly after 64% of the distance between the two ribs and 

approximately the reattachment length is just 21.4% of the inter-rib region (Fig. 4.16 (a)). The 

reattachment distance decreases with the increase in rib height and at relative roughness 

height of 0.026, the reattachment distance reduces to around 49% and reattachment length is 

increased to about 30% of the inter-rib region (Fig. 4.16 (b)). Further increase in relative 

roughness height shows more improvement in reattachment profile and reattachment distance 

reduces to around 40% and reattachment length is increased to 45% approximately. The 

reattachment length over the full duct length of 1000mm, increases from just approximately 

171 mm at relative roughness height of 0.015 to 450 mm at relative roughness height of 

0.043. This indicates the reduction in low heat transfer area with the increase in rib height. 

Consequently, Nusselt number is highest at relative roughness height of 0.043. 

The contours of static temperature confirm the above trend of Nusselt number 

variation with rib height. It is clearly indicated in Fig. 4.17 that the static temperature is 

higher behind the rib at lower relative roughness height and the area corresponding to the 

higher static temperature is also high (Fig. 4.17(a)) This is due to large flow reattachment 

distance on the downstream side of the rib. Whereas Fig. 4.17 (b) shows that at relative 

roughness height of 0.026, the static temperature lowers at little distance behind the rib which 

indicates the reduction in flow reattachment distance as discussed earlier (Fig. 4.16 (b)). At 

relative roughness height of 0.043, there is further reduction in reattachment distance and 

hence reduction in low heat transfer area behind the rib which can be seen by lower static 

temperature from Fig. 4.17 (c). The maximum observed values of static temperature are 382 

K, 380 K, 377 K, 373 K, 369 K for relative roughness height values of 0.015, 0.019, 0.026, 

0.035 and 0.043 respectively. As the lower static temperature implies better heat transfer rate, 

the static temperature contours justify that relative roughness height of 0.043 offers maximum 

Nusselt number.  
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(a) 

 

(b) 

 

(c) 
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Fig. 4.16 Streamlines inside the duct at the mid-plane normal to absorber for e/D values 
of (a) 0.015 (b) 0.026 (c) 0.043. 

 

 

(a)  

 

 

(b) 
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(c)  

Fig. 4.17   Contours of static temperature on a parallel plane at distance of 1.5 mm from 
absorber for e/D values of (a) 0.015 (b)$ 0.026 (c) 0.043. 

Fig. 4.18 shows the Nusselt number enhancement curve with respect to relative rib 

height over that of smooth duct for the Reynolds number range of 3000-15000. It can be seen 

that the heat transfer enhancement is always improving with the increase in the height of 

roughness elements. The relative roughness height of 0.043 features the maximum Nusselt 

number enhancement of 2.22 times over that of the smooth duct at Reynolds number of 

15000. 

 
Fig. 4.18 Variation of Nusselt number enhancement with relative roughness height for 

different values of Reynolds number. 

1

1.2

1.4

1.6

1.8

2

2.2

2.4

0.015 0.019 0.026 0.035 0.043

N
us

se
lt

 n
um

be
r 

 e
nh

an
ce

m
en

t

Relative roughness height 

Re 3000

Re 6000

Re 9000

Re 12000

Re 15000



47 

4.2 FRICTION FACTOR CHARACTERISTICS  

The application of non-uniform cross-section square wave profiled transverse rib as 

artificial roughness on the absorber plate causes obstruction to the flow. This is reflected as 

higher pressure drop as compared to smooth duct due to the separation and reattachment of 

the boundary layer. This increase in pressure drop reflects in the enhancement of friction 

factor in roughened solar air heater duct as compared to smooth duct. The effect of the 

investigated range of roughness and flow parameters on friction factor characteristics are 

discussed in detail below: 

4.2.1 Effect of Reynolds number 
The impact of Reynolds number on friction factor is presented in Fig. 4.19. The 

friction factor tends to decrease with the increase in Reynolds number for all the investigated 

values of relative roughness pitch. This reduction is attributed to the decrease in the slope of 

pressure drop and much higher increase in “v2” and consequently decrease in friction factor 

calculated from Eqn. (4.1) as: 

݂ =  ଶ(∆௉)೏஽೓
ସఘ௅௩మ

                                                           (4.1) 

 

Fig. 4.19 Variation of friction factor with Reynolds number for different values of 
relative roughness pitch. 
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The pressure loss in the roughened duct is attributed to the cumulative effect of the 

flow around the obstacle and over the absorber plate. The pressure drag around the rib can be 

clearly seen from Static pressure contours (Fig. 4.20) which demonstrates that the air particles 

are more compressed on the upstream side and more spaced out behind the rib surface. High 

amount of pressure is lost in the recirculation zone behind the rib and the flow separation area 

at the surface of the rib. This pressure drag around the rib gives the backward pushing force to 

the flow causing higher pressure drop. In addition to pressure drag, frictional forces inside the 

duct also adds to the overall pressure drop. The frictional forces are higher on the rib surface 

and at the reattachment point. The frictional forces accelerate the flow in backward direction 

and hence there is increment in pressure drop.  

It has been observed that pressure loss is higher at high flow velocity and vice-versa. 

At lower velocity, the reattachment distance is more and more recirculation area downstream 

can be seen (Fig. 4.2 (a)). Thus, low pressure zone is much higher behind the rib at lower 

Reynolds number (Fig. 4.20 (a)). However, increasing the flow velocity makes the low-

pressure zone smaller as can be seen in Fig. 4.20 (a-c). This is due to the reduction of the 

reattachment distance i.e. flow recirculation zone at higher Reynolds number (Fig. 4.2). 

However, the reattachment length increases with the increase in Reynolds number, which 

increases the frictional forces. But the magnitude of this increase is not of much significance 

in cumulative effect of both pressure drag and frictional losses on overall pressure drop. 

Hence, the friction factor value falls with the increase in Reynolds number from 3000-15000.  
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(a) 

 

(b) 

 

(c) 

Fig. 4.20 Contours of static pressure at mid-plane normal to the absorber plate for P/e 
of 10 and Re values of (a) 3000 (b) 9000 and (c) 15000. 
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4.2.2 Effect of relative roughness pitch 

To clearly depict the influence of relative rib pitch on friction factor, Fig. 4.19 is re-

plotted as Fig. 4.21. It can be seen that the friction factor increases up to the relative 

roughness pitch of 10 and after that it decreases continuously up to the relative roughness 

pitch of 30. Similar trends are observed for all the Reynolds number values. This variation is 

may be attributed to the more reattachment points and the recirculation zones present behind 

the rib which causes higher pressure drop. 

 

Fig.  4.21 Variation of friction factor with relative roughness pitch for different values 
of Reynolds number. 

The static pressure contours are plotted for Reynolds number of 15000 and different 

relative roughness pitch values in Fig. 4.22 which confirm the trend of variation in friction 

factor. The maximum friction factor is seen for relative roughness pitch of 10. At relative 

roughness pitch of 4, no reattachment is happening as the flow is not coming in contact with 

the absorber plate (Fig. 4.5 (a)). Also, the recirculation zone behind the rib is also less and is 

reflected in Fig. 4.21 (a). So, the pressure gradient is less at this value. However, the relative 

roughness pitch of 10 offers most suitable reattachment characteristics i.e. highest 

reattachment points per unit length and optimal reattachment length between two ribs. Thus, 
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the pressure drop is maximum at this value. Further increasing the rib pitch decreases the 

number of interruptions inside the duct and the reattachment length also becomes much 

larger. Recirculation zones per unit length also decreases which results in reduced pressure 

drop. Hence, the friction factor reduces with increase in relative pitch of the roughness 

elements.  

 

 

(a) 

 



52 

(b) 

 

(c) 

Fig. 4.22 Contours of static pressure at a mid-plane normal to the absorber at Re of 
15000 and for pitch P/e values of (a) 4 (b) 10 c) 30. 

Fig. 4.23 compares the friction factor enhancement at different relative roughness 

pitch values for Reynolds number ranging 3000-15000. The enhancement in friction factor 

increases sharply up to relative roughness pitch of 10 and then falls after that. The maximum 

enhancement is 3.55 times that of smooth duct for relative roughness pitch of 10 at Reynolds 

number of 15000. 
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Fig. 4.23 Variation of friction factor enhancement with relative roughness pitch for 
different values of Reynolds number. 

4.2.3 Effect of relative roughness width 

To investigate the influence of relative roughness width on the friction factor 

characteristics of the roughened duct, relative roughness pitch and relative roughness height 

were kept fixed as 10 and 0.043 respectively. Relative roughness width was varied as 10, 85, 

160, 235, 310 and investigated for Reynolds number values of 3000, 6000, 9000, 12000 and 

15000. 

The friction factor decreases with the increase in Reynolds number for all the 

investigated values of relative roughness width (Fig. 4.24). The cause of this reduction has 

already been discussed above in section 4.2.1. Fig. 4.24 has been re-plotted as Fig. 4.25 to 

study the variation in friction factor with roughness width. The increase in relative roughness 

width from 10 to 310 results in continuous increase in friction factor. This is because more 

number of gaps along the duct width causes higher flow disturbance that results in higher 

pressure drop.  

 

Fig. 4.24 Variation of friction factor with Reynolds number for different values of 
relative roughness width. 
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Fig. 4.25 Variation of friction factor with relative roughness width for different values 

of Reynolds number. 

Fig. 4.26 presents the static pressure contours on the mid-plane of the duct normal to 

absorber at Reynolds number of 15000 and different relative roughness width values. The 

contours show the general conformity with the above results. At lower relative roughness 

width, the pressure gradient effects around the rib are less (Fig. 4.26 (a)). As the number of 

gaps are increased, the low-pressure zone behind the rib starts increasing. (Fig. 4.26 (b)) 

which adds to the pressure drop inside the duct. This area keeps on increasing continually up 

to relative roughness width of 310 and thus pressure drop is maximum at this value.  
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(a) 

 
(b) 

 

(c) 

Fig. 4.26 Contours of static pressure at mid plane normal to the absorber plate 
at Re of 15000 and for W/w values of (a) 10 (b)$ 85 (c)t 310. 

Fig. 4.27 presents the friction factor enhancement versus relative roughness width 

curve for Reynolds number range from 3000-15000. It can be seen that the pumping power 

requirements amplifies as the relative roughness width is increased from 10 to 310. The peak 

enhancement value of 3.75 times corresponds to the relative roughness width of 310 and 



56 

Reynolds number of 15000 while the lowest enhancement in friction factor corresponds to 

relative roughness width of 10.   

 
Fig. 4.27 Variation of friction factor enhancement with relative roughness width for 

different values of Reynolds number. 

4.2.4 Effect of relative roughness height 

To investigate the effect of relative roughness height on the fluid flow characteristics  

of the rib roughened duct, relative roughness pitch and relative roughness width were  

kept fixed as 10 and 85 respectively. Relative roughness height was varied as 0.015, 0.019, 

0.026, 0.035, 0.043 and investigated for Reynolds number values of 3000, 6000, 9000, 12000 

and 15000. 

Fig. 4.28 presents the friction factor versus Reynolds number curve for different 

values of relative roughness height. As expected, the friction factor value declines as the 

Reynolds number is increased. To clearly show the influence of height of the rib on friction 

factor, Fig. 4.28 has been redrawn as Fig. 4.29. Sharp increase in friction factor has been 

found with the increase in relative roughness height from 0.015 to 0.043. The presence of rib 

in flow path causes drop in pressure due to obstruction in flow that leads to an ample rise in 

friction factor. This rise in friction factor is attributed to the amplification of the turbulence as 

the height of roughness elements is increased. It has been seen earlier in Fig. 4.16 that with 

the increase in rib height, the reattachment length and the height of the recirculation zone 

behind the rib increases. The rib protrudes further into the core turbulent flow creating more 
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obstruction and hence more pressure drop. Thus, friction factor is maximum at relative 

roughness height of 0.043. 

 

Fig. 4.28 Variation of friction factor with Reynolds number for different values of 
relative roughness height. 
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Fig. 4.29    Variation of friction factor with relative roughness height for different values 
of Reynolds number. 

Fig. 4.30 shows the variation in static pressure contours at the mid-plane of the duct 

for investigated relative roughness height values. The pressure drag around the rib can be 

clearly seen (Fig. 4.30) which indicates that the air particles are more compressed before the 

rib and more spaced out behind the rib surface. Employing the rib of more height, there is 

increase in the intensity of frictional forces and pressure drag around the rib which causes the 

increase in friction factor. This has been reflected in the contours as the low-pressure zone 

behind the rib expands when the rib height is increased (Fig. 4.30 (a-c)). Thus, it is justified 

that with the increase in the rib height, friction factor continuously increases. 

 

(a) 
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(b) 

 
(c) 

Fig. 4.30    Contour of static pressure at mid-plane of the duct normal to absorber for Re 
of 15000 and e/D values of (a) 0.015 (b) 0.026 (c) 0.043. 

Fig. 4.31 represents the variation in friction factor enhancement over that of smooth 

duct with relative roughness height for different Reynolds number values. As expected, the 

friction factor enhancement is of the increasing order from relative roughness height of 0.015 

to 0.043. The friction factor enhancement attains maximum value of 3.44 times at relative 

roughness height of 0.043 and Reynolds number of 15000.  
” 
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Fig. 4.31    Variation of friction factor enhancement with relative roughness height for 

different values of Reynolds number. 

4.3 THERMO-HYDRAULIC PERFORMANCE 

It is desirable to choose the roughness geometry which gives maximum heat transfer 

enhancement while keeping the pumping losses minimum. In the above section, Nusselt 

number and friction factor characteristics of the solar air heater duct with roughened absorber 

plates were evaluated for different parameters combination of relative roughness pitch, 

relative roughness width, relative roughness height and Reynolds number. It was observed 

that best thermal performance was obtained at relative roughness pitch of 10, relative 

roughness width of 85, relative roughness height of 0.043 and Reynolds number of 15000. 

The friction factor is also higher for the rib roughened duct. So, it is necessary to determine 

the optimum combination of roughness and flow parameters which could provide better heat 

transfer augmentation with lesser pumping power penalty.  

So, the overall performance of a solar air heater duct is evaluated by the thermo-

hydraulic performance parameter (THPP) given by Webb and Eckert (1972) i.e. considering 

both thermal and hydraulic performance simultaneously as given by Eqn (4.2): 

۾۾۶܂ = ܚܝۼ ⁄ܛܝۼ
ܚ܎) ⁄૚/૜(ܛ܎

    (4.2) 
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Fig. 4.32 and Fig. 4.33 presents the thermo-hydraulic performance of non-uniform 

cross-section square wave profiled transverse rib at different relative roughness pitch values 

for Reynolds number range of 3000-15000. The thermo-hydraulic performance parameter 

increases up to Reynolds number of 12000 and declines with further increase. The thermo-

hydraulic performance parameter of non-uniform cross-section rib varies between 1.19 to 

1.43 for the investigated range of relative roughness pitch and maximum value of thermo-

hydraulic performance of 1.43 corresponds to the parameters as relative roughness pitch of 10 

and Reynolds number of 12000. 

 

Fig. 4.32 Variation of thermo-hydraulic performance parameter with Reynolds 

number for different values of relative roughness pitch.  
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Fig. 4.33  Variation of thermo-hydraulic performance parameter with relative 
roughness pitch for different values of Reynolds number. 

4.3.2. Effect of relative roughness width 

Fig. 4.34 and Fig. 4.35 depicts the influence of relative roughness width on thermo-

hydraulic performance. The thermo-hydraulic performance curve with respect to Reynolds 

number follows same trend and attains maximum value at Reynolds number of 12000 (Fig. 

4.34). Initially thermo-hydraulic performance parameter increases as relative roughness width 

is increased from 10 to 85 and after that it declines and becomes lowest at relative rib width of 

310 as the frictional losses are much higher at this value. Overall, thermo-hydraulic 

performance parameter varies from 1.16 to 1.49 for the investigated range. Maximum thermo-

hydraulic performance of 1.49 is obtained at relative roughness width of 85 for Reynolds 

number of 12000.  
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Fig. 4.34 Effect of Reynolds number on thermo-hydraulic performance parameter for 
different values of relative roughness width. 
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Fig. 4.35 Effect of relative roughness width on thermo-hydraulic performance 
parameter for different values of Reynolds number. 

4.3.3 Effect of relative roughness height 

Fig 4.36 and Fig. 4.37 has been plotted to demonstrate the effect of relative roughness 

height on thermo-hydraulic performance factor. Relative roughness pitch and relative 

roughness width has been fixed as 10 and 85 respectively corresponding to the maximum 

thermo-hydraulic performance obtained earlier. It can be clearly seen that thermo-hydraulic 

performance factor is a strong function of relative roughness height and Reynolds number. 

The thermo-hydraulic performance parameter increases up to its peak value at Reynolds 

number of 12000 and then it declines with further increment (Fig. 4.36). The parameter varies 

between 1.21 to 1.49 for the investigated range of relative roughness height. The parameter 

increases with increase in relative rib height (Fig. 4.37) and maximum value of 1.49 is 

obtained at relative roughness height of 0.043 and Reynolds number of 12000.  

 

Fig. 4.36 Effect of Reynolds number on thermo-hydraulic performance parameter for 
different values of relative roughness height.  
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Fig. 4.37 Effect of relative roughness height on thermo-hydraulic performance 
parameter for different values of Reynolds number. 

It has been found that solar air heater duct roughened with non-uniform cross-section 

square wave transverse rib with parameters combination as relative roughness pitch of 10, 

relative roughness width of 85 and relative roughness height of 0.043 provides maximum 

thermo-hydraulic performance parameter of 1.49 at Reynolds number of 12000 for the 

investigated range of parameters in this study. 
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CHAPTER-V 

SUMMARY 

The “conventional solar air5heaters are thermally inefficient attributable to the 

development of the laminar sub-layer adjacent to the absorber plate. The periodic rib 

roughness method is deemed to be the most effective and widely used technique for boosting 

the thermal performance as it “creates turbulence in a flow only in the region close to the 

absorber plate” surface where laminar sub-layer develops. Numerous shapes of artificial rib 

roughness have been reported in literature with the objective of heat transfer augmentation 

between air and absorber plate with least corresponding enhancement in friction factor. 

Earlier studies on rib roughened duct were carried out experimentally as well as using CFD 

for uniform cross-section rib roughness. 

The present CFD based investigation on heat transfer and fluid flow analysis for non-

uniform cross-section transverse rib of square wave profile has been done in 3-D using 

ANSYS Academic Research 15.0. The investigation covered the parameters range as relative 

roughness pitch from 4xtox30, relative roughness height from 0.015 tox0.043 and relative 

roughness width fromx10-310 and Reynolds number fromx3000-15000. For the validation  

of the CFD methodology, the CFD results are verified with the published experimental 

results. Based on the results of the present study, following noteworthy conclusions have been 

drawn: 

1. With the increase in Reynolds number, the Nusselt number value augments while the 

friction factor declines for all values of investigated roughness parameters. This is 

due to the reduction in reattachment distance with increase in Reynolds number.  

2. Both, the Nusselt number and friction factor increases with increase in relative 

roughness pitch up to 10 and then decrease with further raise for the range of 

Reynolds number investigated. This is because of optimal flow re-attachment 

phenomena in-between two consecutive ribs and more number of reattachment points 

per unit length at relative roughness pitch of 10 which results in maximum value of 

Nusselt number and friction factor. 

3. Nusselt number attains maximum value at relative roughness width of 85 and lowers 

on both sides for all Reynolds number. On the other hand, friction factor continually 

increases with the increase in relative roughness width from 10-310. 

4. Nusselt number and friction factor both increases with the increase in relative rib 

height for the considered range of Reynolds number. This increase is attributed to the 

reduction in reattachment distance and hence increase in reattachment length with 

increasing rib height.  
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5. The maximum augmentation in Nusselt number over that of smooth duct have been 

found to be 2.22 times for relative roughness pitch ofx10, relative roughness height 

ofx0.043, relative roughness width of 85 and Reynolds number of 15000 with 

corresponding enhancement in friction factor of 3.40 times. Whereas maximum 

enhancement in friction factor of 3.75 times is obtained at parameters combination of 

relative roughness pitch of 10, relative roughness height ofx0.043, relative roughness 

width of 310 and Reynolds number of 15000. 

6. The value of thermo-hydraulic performance parameter for the duct varies from 1.16 

to 1.49 for the range of parameters covered in the investigation. It has been found that 

parameters combination as relative roughness pitch of 10, relative roughness height 

ofx0.043 and relative roughness width of 85 offers maximum thermo-hydraulic 

performance parameterxofx1.49xat Reynolds number of 12000. 

Future Scope of the study 

This investigation has shown significant improvement in thermal and hydraulic 

performance of transverse rib roughened duct. So, other rib arrangements such as inclined 

ribs, v-ribs, multiple v ribs, etc. should be investigated using non-uniform cross-section rib.  
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