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Abstract 

The conversion, utilization and recovery of energy invariably involve a heat exchange process, 

which makes it imperative to design more efficient heat exchanger. The use of artificial roughness in 

different forms, shapes and sizes is the most common and effective way to improve the performance 

of a solar air heater. Several studies have been carried out to determine the effect of different 

roughness element geometries on heat transfer and friction in solar air heaters. This experimental 

investigation involves circular arc shaped roughness elements geometry employed in solar air heaters 

for performance enhancement. Based on the results received in terms of improvement of heat 

transfer and friction factor, an attempt has been made to compare the thermohydraulic performance 

of roughened solar air heaters in context to their smooth counterparts. 

List of Symbols 

Ap surface area of absorber plate (m
2
) 

Ao area of orifice meter (m
2
) 

CP specific heat of air (J/kg-K) 

Cd coefficient of discharge 

d/x relative gap distance  

D hydraulic diameter (m) 

e rib height (m) 

e/D relative roughness height 

f friction factor for roughened duct 

g/e relative gap width 

H height of duct (m) 
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h heat transfer coefficient (W/m
2
-K) 

k thermal conductivity (W/m-K) 

L length of test section in duct (m) 

m mass flow rate of air (kg/s) 

Nu Nusselt number 

ΔPo pressure drop across orifice plate (Pa) 

ΔPD pressure drop across test section (Pa) 

p pitch (m) 

p/e relative roughness height 

Pr Prandtl number 

Qu useful heat gain (W) 

Re  Reynolds number 

St Stanton number 

To air outlet temperature (K) 

Ti air inlet temperature (K) 

Tp average temperature of absorber plate (K) 

Tf average temperature of air (K) 

v mean flow velocity in duct (m/s) 

W width of duct (m) 

W/w relative roughness width 

W/H aspect ratio of duct 

Greek Symbols 

α arc angle (°) 

ρ density (kg/m
3
) 

β ratio of orifice diameter to pipe diameter  

Sub-scripts 

m manometric 

s smooth 
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Introduction: 

The twenty-first century is forming into the perfect energy storm. Rising energy prices, 

diminishing energy availability and security, and growing environmental concerns are quickly 

changing the global energy panorama. Energy and water are the keys to modern life and provide the 

basis necessary for sustained economic development. Industrialized societies have become 

increasingly dependent on fossil fuels for myriad uses. Modern conveniences, mechanized 

agriculture, and global population growth have only been made possible through the exploitation of 

inexpensive fossil fuels. Securing sustainable and future energy supplies will be the greatest 

challenge faced by all societies in this century. Due to a growing world population and increasing 

modernization, global energy demand is projected to more than double during the first half of the 

twenty-first century and to more than triple by the end of the century. Presently, the world‘s 

population is nearly 7 billion, and projections are for a global population approaching 10 billion by 

the mid-century. Future energy demands can only be met by introducing an increasing percentage of 

alternative fuels. Incremental improvements in existing energy networks will be inadequate to meet 

this growing energy demand. Due to dwindling reserves and ever-growing concerns over the impact 

of burning carbon fuels on global climate change, fossil fuel sources cannot be exploited as in the 

past. Finding sufficient supplies of clean and sustainable energy for the future is the global society‘s 

most daunting challenge for the twenty-first century. The future will be a mix of energy technologies 

with renewable sources such as solar, wind, and biomass playing an increasingly important role in 

the new global energy economy. The key question is: how long it will take for this sustainable 

energy change over to occur? And how much environmental, political, and economic damage is 

acceptable in the meantime? If the twenty-first century sustainable energy challenge is not met 

quickly, many less-developed countries will suffer major famines and social instability from rising 

energy prices. Ultimately, the world‘s economic order is at stake. Approximately one-third of the 

world‘s population lives in rural regions without access to the electric grid, and about half of these 

same people live with- out access to safe and clean water. Solar energy is unique in that it can easily 

provide electricity and purified water for these people today with minimal infrastructure 

requirements by using local energy resources that promote local economic development [1–5]. Solar 

air heaters, because of their simple in design, are cheap and most widely used collection devices of 

solar energy. It is one of the basic equipment through which solar energy is converted into thermal 
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energy. The main applications of solar air heaters are space heating, seasoning of timber, curing of 

industrial products and these can also be effectively used for curing/drying of concrete/clay building 

components. A conventional solar air heater generally consists of an absorber plate, a rear plate, 

insulation below the rear plate, transparent cover on the exposed side, and the air flows between the 

absorbing plate and rear plate. A solar air heater is simple in design and requires little maintenance. 

However, the value of the heat transfer coefficient between the absorber plate and air is low and this 

result in a lower efficiency [6, 7]. 

Performance of any system represents the degree of utilization of input to the system. It is required to 

analyze thermal and hydraulic performance of a solar air heater for making an efficient design of 

such type of a system. Thermal performance concerns with heat transfer process within the collector 

and hydraulic performance concerns with pressure drop in the duct. 

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). 

k

hD
Nu 

           (1) 

4.08.0 PrRe023.0sNu
                                                                          (2) 

25.0Re085.0 sf           (3) 

The value of thermo-hydraulic performance parameter is evaluated based upon equation proposed by 

Lewis. This parameter evaluates the enhancement in heat transfer of an artificial roughened duct as 

compared to smooth one for the same amount of friction penalty. This parameter is defined as, 

3/1
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The value of thermo-hydraulic performance parameter (TPP) for any heat augmentation device is 

higher than 1 ensures the advantage of using such technique. Hence, this parameter can be used to 

see the effectiveness of roughened solar air heater system. By calculating this parameter comparison 
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of performance among the same type of roughness elements as well as comparison can be made for 

different type of roughness geometries and lead to decide the best available roughness parameters 

combination among the available ones. it can be concluded that with the increase in Reynolds 

number thermo-hydraulic performance parameter increases. The maximum value of TPP achieved is 

3.6 for multiple-arc with gap shaped roughness element at Re of 21000, e/D of 0.044, p/e of 8, g/e of 

1, d/x of 0.65, α of 60 and W/w of 5 for the same for which Nu is maximum but friction factor is not 

maximum.  

The values of thermo-hydraulic performance parameter is calculated for multiple arc with gap 

shaped roughness element and it is compared with the values obtained for different arc shaped 

geometries i.e. single arc shape, dimples arranged in angular arc fashion and multiple arc shaped 

roughness.  

Hydraulic performance:  Hydraulic performance of a solar air heater concerns with pressure drop 

(DP) in the duct. Pressure drop accounts for energy consumption by blower to propel air through the 

duct.  

Thermo-hydraulic performance: It is necessary that while evaluating the performance of a solar air 

heater with respect to the enhancement of thermal gain, the energy spent in propelling air should also 

be taken into account. It is desirable that design of solar air heater should be made in such a way that 

it should transfer maximum heat energy to the flowing fluid with minimum consumption of blower 

energy. Therefore in order to analyze overall performance of a solar air heater, thermo-hydraulic 

performance should be evaluated by considering thermal and hydraulic characteristics of the 

collector simultaneously. 

Method of prediction: There are basically three approaches or methods that can be used to solve a 

problem of fluid flow and heat transfer. These approaches are: 

1. Experimental 

2. Theoretical 

3. Computational (CFD) 
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Experimental approach: The most reliable information about a physical process is often given by 

actual measurement. An experimental approach involving full-scale equipment can be used to predict 

how identical copies of the equipment would perform under the same conditions. Such full scale tests 

are, in most cases, prohibitively expensive and often impossible. The alternative then is to perform 

experiments on small- scale models. The resulting information however must be extrapolated to full 

scale, and general rules for doing this are often unavailable. Further, the small-scale models do not 

always simulate all the features of the full-scale equipment; frequently, important features such as 

combustion or boiling are omitted from the model tests. This further reduces the usefulness of the 

test results. Finally it must be remembered that there are serious difficulties of measurement in many 

situations, and that the measuring instruments are not free from errors. 

Theoretical approach:  A theoretical prediction works out the consequences of a mathematical model, 

rather than those of an actual physical model. For the physical processes of interest, the mathematical 

model mainly consists of a set of differential equations. If the methods of classical mathematics were 

to be used for solving these equations, there would be little hope of predicting many phenomena of 

practical interest. In the theoretical approach simplifying assumptions are used in order to make the 

problems tractable. 

Computational approach: Computational fluid dynamics or CFD is the analysis of systems involving 

fluid flow, heat transfer and associated phenomena such as chemical reactions by means of 

computer-based simulation. The technique is very powerful and spans a wide range of industrial and 

non-industrial application areas 

Heat transfer enhancement through artificial roughness: Artificial roughness and different 

obstruction used in the path of air passage in solar air heaters are used to increase the heat transfer 

rate either by breaking the laminar sub-layer or by increasing the turbulence in duct passage for air 

flow. Artificial roughness solves the first purpose and obstructions in the form of different 

geometries like wires, baffles, and winglets solve the second purpose. However, this increase in the 

thermal performance is gained at the cost of the increase in the pressure drop which requires pump or 

blower to supply energy to the fluid. The important phenomenon which helps to increase the heat 

transfer by using roughness elements in solar air heaters are (a) reattachment of flow, (b) formation 

of secondary flow, and (c) formation of vortices. These elements help in increasing the heat transfer 
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performance characteristics of solar air heaters and also increase the friction loss. The maximum heat 

transfer occurs at the reattachment point which is due to the separation of flow. The geometrical 

parameters of the roughness elements as well as the duct, such as rib to channel height ratio (e/D or 

e/Dh); pitch to the rib height ratio (P/e); duct aspect ratio, AR(W/H); angle of attack of rib (α); 

relative gap width(g/e); relative roughness length(B/S) etc. greatly affect the thermo-physical 

behaviour of the duct.  

Parameters affecting the flow patterns 

Rib height (e) Ribs of certain height and alignment affect the flow by obstructing it and separating it 

from the main flow. Secondary flow can be seen along the ribs and its mixing with the main flow. 

Vortices are also generated in the downside of flow behind the roughness element which causes 

turbulence, thus enhancing the heat transfer from the surface. For some types of ribs, the flow 

separation, free shears layer formation and vortices formation. In addition to that the frictional loss as 

well tends to occur due to vortices formation. The rib height is approximately 15% of the plate 

separation distance.  

Rib pitch (P): As the rib height and pitch changes there is a change in the flow pattern also. Due to 

the height, the flow in the downstream side of the roughness element is separated and if the pitch is 

not maintained properly reattachment of the flow does not occur. The reattachment of the shear layer 

does not occur for pitch ratio less than 8, and it will result in poor heat transfer from the surface. 

Maximum heat transfer occurs at the reattachment point. The local heat transfer coefficients in the 

separated flow region are larger than those of an undisturbed region. When the relative roughness 

height ratio (e/Dh) is kept constant the reattachment can be achieved by reducing the relative 

roughness pitch (P/e). As P/e increases from its lowest value, the friction factor and the heat transfer 

also increases. The maximum value of P/e occurs at about 10. 

Effect of rib alignment (p): Rib alignment in the surface affects the performance of the solar air-

heater; the friction factor falls rapidly as the angle of attack decreases from 90o to 15o. Secondary 

flow is generated along the rib surface which helps in increasing the heat transfer. However, it also 

increases the friction factor. Fluid vortices are generated in the upstream and downstream side of rib. 

The two vortices meet the mainstream at the tail end while moving along the rib surface. These 
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moving vortices mix up with the cold stream of air thus increasing the temperature of leading edge. 

The rib alignment has a very modest effect on the friction factor and the heat transfer. 

Effect of geometrical dimensions on performance of solar air heater 

Aspect ratio (W/H): The aspect ratio has effect on the performance of solar air heaters. In large 

aspect ratio ducts friction is increased with increase in turbulence. The lower aspect ratio duct 

provides a better heat transfer performance. For equal pumping power, the heat transfer performance 

of square channel is better than that of rectangular duct with aspect ratio 2 and 3.  The collector 

efficiency increases with the increase in collector aspect ratio. As the aspect ratio increases, the 

cross-sectional area of the air duct decreases and the velocity of flow increases so the convective heat 

transfer from the surface of the absorber plate to flowing air increases. In addition to enhancement in 

heat transfer it also increases the pumping power of the blower of pump leading to the increase in the 

operating cost of the equipment.  Increase in heat transfer with increase in mass flow rate is also 

evident from the experiments with other type of heat exchangers like recuperators where when mass 

flow rate is increased there is net increase in the heat transfer to the flowing fluid  

Duct height (H): Solar air heaters with lower duct height have higher efficiency. Lowering of duct 

height increases the air velocity. The effective efficiency decreases rapidly as the mass flow 

increases owing to the pumping power requirement which is proportional to (1/H3). Solar air heater 

efficiency can be maximized by decreasing the depth of solar air heater along the length but in long 

channel along the length of the solar air heater causes substantial pressure drop causing high 

pumping losses. An optimum mass flow rate corresponds to an optimum flow channel depth which is 

required to minimize annual cost to useful heat ratio. At the optimum channel depth to length ratio 

the outlet temperature becomes equal to the absorber plate mean temperature 

Roughness elements used in channel flow: The initial efforts on using artificial roughness for 

improving heat transfer characteristics were confided with the areas of nuclear reactors, gas turbines 

blades, pipes carrying fluids and compact heat exchangers. Several types of artificial roughness 

elements were used extensively to improve the heat transfer characteristics in these equipments. The 

roughness elements of two dimensions, three dimensions and of irregular shapes were used by 

investigators like Nikuradse, Nunner and Dippery. Prasad et al.[8]  covers a wide range of e/Dh ratio 

with P/e values of more than 10 in his experiments in flow through pipes where the ribs were aligned 
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normal to the mainstream direction. The experiments conducted with roughness in one wall, two 

walls and four walls of absorber plate. The roughness element in one wall is favoured by most of the 

investigators as discussed below in the range of Re 3000–30,000. Different correlations for heat 

transfer and friction factor were developed based on the experiments done by different investigators. 

Prasad and Saini [9] demonstrated that the efficiency of solar air heaters can be increased by 

decreasing the channel depth along the length. Prasad and Mullick [10] optimized the channel height 

of different types of the solar air heater. Verma and Prasad [11] investigated the effects of rib shape, 

angle of attack and pitch to the height ratio on the friction factors and heat-transfer on symmetric and 

staggered ribs. They found that the ribs at 45o of attack angle have better performance than that at 

90o attack angle. Gupta et.al [12] investigated the combined effects of the rib, angle-of-attack (α 

=90o, 60o, 45o and 30o) and the channel aspect ratio (W/H = 1, 2,4) on the heat transfer coefficient 

in short rectangular channels (L/D = 10 and 15) with two opposite rib-roughened walls. They 

concluded that the highest heat transfer, and the highest pressure drop can be obtained at α=60o in 

the square channel; the highest heat transfer and the pressure drop occur at α=90o with W/H=4 in the 

rectangular channel, and the values of highest heat transfer and pressure drop differs marginally at 

α=60o for W/H=2. They found that secondary flow or swirling flow moves along the rib surface 

producing higher Nusselt number towards the wall as compared to centreline. They also concluded 

that the highest heat transfer and highest pressure drop occur at α=90o. The heat transfer and friction 

correlations were also obtained for the surface. Gupta et.al [13] investigated the effects of the aspect 

ratio and the initial boundary-layer thickness on low speed forced convective heat transfer near two-

dimensional transverse ribs. They also derived the correlation for average Nusselt number. Saini and 

Saini [14] investigated for turbulent flow on staggered ribs in a square duct with two opposite rib- 

roughened walls using the parameters of relative roughness height (e/DH) = 0.19; relative roughness 

pitch(P/e) = 5.31 and Reynolds number (Re) = 13,000–130,000. The temperature distribution and 

correlation between Nusselt number and Reynolds number was established. The heat transfer rate 

was calculated to be 2.02–4.60 times higher than the fully developed turbulent flow in smooth duct 

fore = 13.000. Momin et.al [15] investigated the thermo-hydraulic performance for a low aspect ratio 

channel with staggered lit ribs on top and bottom walls with the parameters of rib area open ratio 

(β1)=24%, 37%,46%; P/e=10,15,20; W/H=0.081; Re=10,000–50,000.They concluded that the 

arrangement of ribs gives a higher heat transfer enhancement with lower pressure drop for the same 

solid rib height and spacing. Also the friction factor decreases for an increase in rib open area ratio. 
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They also developed the general friction and the heat transfer correlations have been developed. 

Bhagoria et.al [16] investigated the heat transfer and pressure drop in a rectangular duct with 

staggered ribs of various parameters as the aspect ratio (W/H) =1–8; relative roughness height 

(e/DH) = 0.06; angle of attack (α) = 60o; Reynolds number (Re) = 1000–6000. They observed that 

secondary flow causes span wise variation of the heat transfer coefficients along the rib length, and 

reattachment occurs between two ribs. They concluded that the V downstream ribs induce the 

highest friction factor than V upstream and parallel ribs with least friction factor. V downstream has 

stronger secondary flow and gives higher heat transfer when compared to V upstream and parallel 

ribs also the parallel rib has better performance at higher Reynolds number than V upstream. Saini 

and Saini [17] investigated on laminar and turbulent flow with transverse or angled rib turbulators of 

angle of attack of 60o or 90o in a square channel. They concluded that heat transfer is highest in 

front of the rib, and laminar flow has the lesser effect on the flow field with ribs than turbulent flow 

as a result the velocity and temperature profiles have lesser differences than the turbulent case. 

Verma and Saini [18] investigated on five different types of roughness element in rectangular duct 

with e/DH=0.0476, P/e = 8, and W/H=2.33, to understand the comparative thermohydraulic 

performance due to these elements. He concluded that the triangular rib has the highest heat transfer 

capacity and Nusselt number is higher in the case of square and triangular ribs when compared to 

semi-circular ribs. The square ribs have the highest friction factor. Karmare and Tikekar [19] 

investigated the effect with varying number of transverse ribbed walls with the parameters 

Re=10,000–80,000; P/e=8; e/DH=0.0625 channel length to the hydraulic ratio (L/Dh) = 20 for fully 

turbulent flow in the square channel. They concluded that one ribbed wall has the heat transfer 

increase of 2.43–1.78 for Re = 12,000– 75,000, with two opposite ribbed walls the 

incrementwas2.64–1.92, with three ribbed walls, the increment of 2.81–2.01and with four ribbed 

walls, an increment of 2.99–2.12 which is the maximum when compared to all the types. The 

maximum increase in the friction factor was found to be 9.50 with four sided ribbed walls and 

minimum with one ribbed wall of 3.14. They also compared the performance factor {(Str/Stss)/ 

(fr/fss)} of four cases and concluded that, it is highest at 1.78– 1.17 for one wall ribbed surface. 

Kumar et.al [20] investigated for heat transfer coefficient distribution in the rectangular channel with 

transverse continuous, transverse broken and V-shaped broken ribs with the parameters W/H=5; 

α=45o or 60o.  
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Use of roughness elements in solar air heater: Jaurker et.al [21] investigated on heat transfer 

increment in a solar air heater with the absorber plate roughened by extended surfaces geometry. 

They found that the pressure drops rapidly when compared to heat transfer if the height of the 

roughened element is extended beyond the laminar sublayer. Layek et.al [22] investigated for the 

heat transfer rate and friction in fully developed turbulent flow in a solar air heater duct for the effect 

of height and pitch of the roughness elements of small diameter protrusion wires on the absorber 

plate. They also deduced expressions for the prediction of average Stanton number and friction 

factor. Sahu and Bhagoria [23] investigated on solar air heater with protruding wires in underside of 

the absorber plate. They found improvement of 9% (from 63% to 72%) in plate efficiency (FP) for 

Reynolds number of 40,000. The plate efficiency is 44.5% higher in cross corrugated sheet with 

protruding wire than plane galvanized iron sheet. Mittal et.al [24] investigated the thermo-physical 

effect of transverse wire roughness on absorber plate on heat and fluid flow characteristics in 

transitionally rough flow region for rectangular solar air heater ducts with the parameters Reynolds 

number (Re)= 3000–18,000 for a duct aspect ratio (W/H) = 6.8–11.5, relative roughness 

height(e/D)= 0.018– 0.052 and relative roughness pitch (P/e) = 10.They concluded that the heat 

transfer increased up to 1.8 times than that of smooth solar air heaters at α=60o and friction factor 

increases by 2.7 at α = 70o for the range of parameters investigated. Varun and Singhal [25] 

investigated for fully turbulent flow with expanded met.al mesh as artificial roughness element. They 

used rectangular duct with W/H=11; relative long way length (L/e) = 25–71.87; relative short way 

length (S/e) = 15; e/D = 0.012–0.039 as different parametric values for Re = 1900–13,000.They 

concluded that the maximum values of Nusselt number and friction factor occurs at an angle of 

attack of 60o. Saini and Saini also developed the correlation for Nusselt number and friction factor. 

Hans et.al [26] investigated on optimum design and operating conditions in artificially roughened 

solar air heater using the parameters e/D = 0.023–0.05; Re = 4000–18,000; solar intensity (I) = 400– 

1300W/m2; α=60o. The optimum design conditions were determined and the correlation was 

developed for Reynolds number using the parameters selected for investigations. Bhushan and Singh 

[27] investigated on two pass square channel solar air heater with rib tabulators with parameters Re= 

6000–60,000; e/DH= 0.125; P/ e=10; α=90o parallel, 60o parallel, 60o V, and 60o broken V-shaped 

ribs. They investigated on thermo-physical characteristics and secondary flow before the 180o turn, 

in the turn region, after the turn, and the down-stream in the second pass through the channel. They 

concluded that Nusselt number ratios in the second pass are 2–3 times higher than that for the first 



  
 

 

39 Navneet Kumar Pandey
a
, Prof. V.K Bajpai

b
, Dhiraj Upadhyay 

c
, Kishan lal Agarwal 

c
 

 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 2 Special Issue 

May 2015       

pass and the 60o parallel. Also 60o broken V ribs give the high heat transfer rate in the first pass and 

60o broken V ribs gives slightly better heat transfer, while, 60o parallel ribs give higher heat transfer 

in the turn and second pass respectively. Kumar et.al [28] investigated for optimal performance 

parameters in the form of Reynolds roughness numbers (eþ) and thermal efficiency (ηthermal) for 

the artificially roughened solar air heaters using the parameters Re= 5000–20,000; mass flow rate 

(m)= 0.01–0.06 kg/s;  P/e=10–40; e/D=0.01–0.03 and eþ= 8–42. They found out the optimal value of 

eþ optimum = 24 at which ηthermal= 71%, thus significant increase in heat transfer is achieved using 

artificial roughness in solar air heaters. Arulanandam et.al [29] investigated the heat and fluid flow 

characteristics of the solar air heater with discrete V down ribs as roughness elements with the 

parameters Re = 3000–15,000; relative gap width (g/e) = 0.5 to2; relative gap position (d/w) = 0.20–

0.80; P/e = 4–8; α= 30–75o and e/Dh= 0.015–0.043. They also developed the correlations for Nusselt 

number and friction factor for the given range of parameters selected. The maximum increase in 

Nusselt number and friction factor obtained are 3.04 and 3.11 at the optimum values of parameters of 

D/W = 0.65, g/e=1.0, P/e = 8.0, α=60o and e/ Dh=0.043. Ammari [30] investigated the effect of V-

shaped ribs as roughness elements in the under-side of the absorber plate of the solar air heater with 

geometrical parameters as Re = 2500– 18,000; e/DH = 0.02–0.034; α=30–90o; P/e=10; 

W/H=10.15.They found the increase in heat transfer and friction of 2.30 and 2.83 more than that of 

smooth duct at α=60o, also in comparison to inclined ribs the enhancement in heat transfer was1.14. 

They also developed the correlation for Nusselt number and friction factor for the V-shaped ribs. 

Chaube et.al [31] investigated the thermo-physical behaviour of the roughened solar air heater with 

transverse, inclined, V continuous and V discrete ribs with α=60o for inclined and V patterns for the 

parameters Re = 2800–15,000; R(eþ)=17–90. Karwa also developed heat transfer and friction factor 

correlation based on the law of wall similarity and heat momentum transfer analogy. He found the 

increase in heat transfer of 65–90%, 87–112%,102–137%,110–147%, 93–134%, and 102–142% 

respectively whereas the increase in  friction factor for the ribs were 2.68–2.94, 3.02–3.42, 3.40–

3.92, 3.32–3.65,  and 2.35–2.47, respectively. Chaube et.al [32] investigated the heat transfer 

coefficient in the solar air heater using 90o broken integral transverse ribs on an absorber plate with 

the parameters W/H=8; Re = 3000– 12,000; P/e=6.67, 13.33, 20; e/D H = 0.0338 and I=750–880 

W/m2. They concluded that maximum heat transfer and efficiency of 83.5% occurs at P/e = 1.33. 

Wang et.al [33] investigated the thermophysical characteristics of combination of rib and groove 

geometry as artificial roughness in rectangular solar air heater duct with the parameters Re = 3000–
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21,000; e/D = 0.0181–0.0363; P/e = 4.5–10;  They concluded that rib-grooved duct with P/e=6.0 and 

g/p=0.4 gives the maximum value of the Nusselt number of 2.75 and with P/ e=6.0, g/p=0.4, and 

e/D=0.0363, the maximum value of the friction factor is 3.61. Varol and Aztop [34] investigated the 

effect of various types of the roughness elements on the absorber plate of the solar air heater with the 

parameters W/H=10; e/D=0.02–0.04; P/e=10; Re=2000–24,000 to find out the effective efficiency 

using the correlations for heat transfer and friction factor developed by various investigators for the 

range of parameters they used. They concluded that the inclined ribs with low values e/D has high 

effective efficiency for Re 412,000, expanded met.al mesh as better effective efficiency for Re 

12,000 and effective efficiency of smooth solar air heater is higher than the solar air heaters with 

roughness for very high Reynolds number. Kumar and Saini [35] investigated the effect of the solar 

air heater roughened with met.al grit ribs with parameters e/Dh=0.035–0.044; P/e=12.5–36; relative 

length of grit (l/s)=1.72–1 and Re=4000–17,000.They also developed correlation for Nusselt number 

and friction factor within the range of parameters selected. They concluded that within the range of 

parameters, at l/s=1.72, e/Dh=0.044, and P/e = 17.5 gives the optimum performance. Karmare and 

Tikekar [36] investigated the thermo-hydraulic performance of the solar air heater with inclined 

continuous rib with a gap with the parameters W/H=5.84; P/e =10; e/Dh = 0.0377; α=60o; g/e = 0.5 

to 2; d/W = 0.1667–0.667; Re= 3000–118,000. They found the maximum increase in Nusselt number 

and friction factor to be 2.59 and 2.87 at the optimum values of parameters at g/e = 0.5 and 

d/W=0.25 for the range of parameters selected. Soi et.al [37] investigated the effect of dimple shaped 

artificial roughness for solar air heaters with the parameters as Re = 2000– 112,000; e/D= 0.018–

0.037; P/e= 8–11.2.Furthermore, correlation was developed for Nusselt number and friction factor 

for the given range of parameters. They found that maximum Nusselt number occurs at P/e = 10and 

e/D = 0.0379 and minimum friction factor at  P/e = 10and e/D = 0.032. Sharma and Bhushan [38] 

conducted an experimental study with arc shaped parallel wire as the roughness element in solar air 

heater with the parameters W/H=12; 

Lanjewar et al [39] investigated the concept of artificial roughness on plain surface as an important 

technique to enhance heat transfer rate of air flowing in solar air heater. It was investigated that over 

the years different rib geometries have been designed to investigate heat transfer and friction 

characteristics of solar air heater. In this paper an attempt was made to review development of 
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different rib geometries employed for creating artificial roughness. Heat transfer and friction factor 

correlations developed by various investigators were also presented.  

Bekele et al [40] studied the performance of conventional solar air heaters by providing obstacles on 

the heated wall (i.e. on the absorber plate). Experiments were performed to collect heat transfer and 

flow-friction data from an air heater duct with delta-shaped obstacles mounted on the absorber 

surface and having an aspect ratio 6:1 resembling the conditions close to the solar air heaters. The 

study encompassed for the range of Reynolds number (Re) from 2100 to 30,000, relative obstacle 

height (e/H) from 0.25 to 0.75, relative obstacle longitudinal pitch (Pl/e) from 3/2 to 11/2, relative 

obstacle transverse pitch (Pt/b) from 1 to 7/3 and the angle of incidence  varied from 30o to 90o. The 

thermo-hydraulic performance characteristics of solar air heaters were compared with the previous 

published works and the optimum range of the geometries explored for the better performance of 

such air-heaters compared to the other designs of solar air heaters. 

Sharma and Kalamkar [41] quoted that the enhancement of heat transfer in the solar air heater ducts 

can be achieved by several means like using baffles, fins, ribs and groves. Until now, various 

attempts have been made to investigate the effects of these geometries on the enhancement of the 

heat transfer rate; however it is achieved at the cost of the increase in the pressure drop across the 

surfaces on which these elements are mounted. This paper is an attempt to summarize and conclude 

the investigations involving the use of small height elements and surface protrusions on absorber 

plate and channel walls as artificial roughness elements of various geometries and its effect on heat 

transfer and friction factor through experiments. It also summarizes the various correlations which 

have been developed for Nusselt number (Nu) and Friction factor (f) and reported in the previous 

investigations. The comparative study has been done to understand the results of these investigations 

for solar air heaters with different roughness elements on its absorber surface. 

Anil Kumar Patil [42] re-iterated that the roughness applied on a broad wall of a solar air heater 

significantly enhances the heat transfer to the flowing fluid with the moderate rise in fluid friction. It 

is imperative to select the roughness pattern and its geometrical parameters, which are responsible 

for the change in fluid flow behaviour steering the level of heat transfer and friction. With a view to 

survey the mechanism of heat transfer governed by the fluid flow pattern over the roughened wall, 

the distinct roughness patterns used in solar air heaters were studied with a fresh perspective. The 
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interpretation of the fluid turbulence and heat transfer mechanism in case of different rib geometries 

were expatiated based on available literature. Optimally usable range of Reynolds number and 

Temperature rise parameter for roughness geometries were proposed on the basis of effective 

efficiency of roughened collector. 

EXPERIMENTAL SET-UP 

An indoor experimental test rig was designed and fabricated to collect heat transfer and friction 

factor data for the roughened duct at different flow rates  suitable for solar air heaters as well as for a 

range of roughness geometry parameters such as relative roughness height (e/Dh), arc angle (α) and 

relative roughness pitch (p/e). Data was collected for smooth duct under similar operating conditions 

for the validation purpose and so as to compare roughened duct with it. The experimental setup has 

been designed as per the guidelines suggested in ASHRAE standard 93-97 for testing solar collectors 

using an open loop system. The details of the experimental set-up, data collection and processing are 

presented below: 

A schematic diagram of the experimental set-up is shown in Figure 1. The air is sucked by 

means of a blower through a rectangular duct. The rectangular duct has three consecutive sections - 

an entrance-section, a test section and an exit-section. The ambient air enters through an abrupt 

entrance to the rectangular duct. The exit section of the duct is connected to a Galvanized Iron (GI) 

circular pipe via a rectangular mixing chamber called plenum. A calibrated orifice meter is provided 

in the circular pipe for the measurement of mass flow rate of air. A U-tube manometer  is  used  to  

measure  pressure  difference  across  the  orifice  meter.  
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Figure 1: Experimental set-up 

The test section of the rectangular duct consists of a GI sheet which acts as an absorber plate. 

The roughened sheet is provided with roughness variables arranged in a specific fashion on 

underside of the absorber plate. An electric heater assembly is used to heat the absorber plate. The 

heater assembly is designed in such a way that it provides uniform heat flux to the absorber plate to 

simulate suns radiations. Heat flux is controlled with the help of a variable transformer (Variac). The 

temperatures of the heated roughened plate and air are measured by copper-constantan 

thermocouples and a digital milli-voltmeter. A micro-manometer is used to measure the pressure 

difference across the test-section. The air flow inside the duct is controlled with the help of two 

control valves provided at the exit and entrance of the blower.  

Roughness Geometry: Based upon the literature survey, the geometry has been selected.  The 

roughness geometry has been created by 10 mm circular cross section wires with an angle of 45o. 

The geometry has been manipulated by creating gaps as well as altering the pitch of the roughness 

geometries 
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Figure 2: Roughness Geometry 

The following equations are used to calculate the mass flow rate ‗m‘, heat gained by air ‗Qu‘, heat 

transfer coefficient ‗h‘, Nusselt number ‗Nu‘ and friction factor ‗f‘: 

41

2



 







P
ACm d

          (5) 

The calibration of orifice-plate is done against a standard Pitot tube which gives a value of 0.60 for 

coefficient of discharge (Cd).Where,  
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         (8) 

where, Ap is the heat transfer area (area of absorber plate), Tf and Tp are average values of air and  

absorber plate temperatures respectively. The Nusselt number (Nu) and friction factor (f) were 

calculated by using the following relationships. 
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The Nusselt number for a smooth rectangular duct is given by the Dittus- Boelter equation16 and 

friction factor for a smooth rectangular duct is given by the modified Blasius equation17 which are 

given as below:  

4.08.0 PrRe023.0sNu
                                                                                    (11) 

25.0Re085.0 sf                        (12) 

 

Figure 3: Variation of Convective heat transfer vs Reynolds number coefficient at different heat 

inputs 
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Figure 4: Variation of Nusselt number vs Reynolds number at different heat inputs 

 

Figure 5: Variation of Nusselt number vs Reynolds number at different heat inputs for roughened 

absorber plate 
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Figure 6: Variation of friction factor vs Reynolds number at different heat inputs for roughened 

absorber plate 

 

Figure 7: Variation of convective heat transfer coefficient vs Reynolds number at different heat 

inputs for roughened absorber plate 
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The heat transfer and friction factor of rectangular duct which is having one heated and roughened 

wall having multiple arc-shaped with gap ribs is estimated on the basis of experimental data 

collected for various roughness and operating parameters. The effects of various parameters on 

Nusselt number and friction factor are presented in this section.  

Nusselt number 

In order to see the enhancement of heat transfer by providing multiple arc-shaped roughness element 

on the absorber plate, an experimental investigation has been carried out, to visualize the 

enhancement in Nusselt number (Nu) with respect to smooth duct, Nusselt number and Nusselt 

number ratio for fixed values of relative roughness height (e/D) of 1, relative roughness pitch (p/e) of 

10, arc angle (α) of 45, relative gap width (g/e) of 1.0, and for different values of heat input is 

shown in Figures 4 and 5. are found to increase with increase in Reynolds number (Re) in all the 

cases as expected. This is due to the fact with the increase in Re, turbulence increases which leads to 

increase in the heat transfer as it leads to the formation of secondary flow which promotes turbulence 

mixing and hence Nusselt number increases.  

Heat Transfer Coefficient 

In order to compare enhancement of heat transfer achieved as a result of providing multiple arc-

shaped roughness on the absorber plate, The air flowing through the gap creates turbulence at the 

downstream side of the gap. The variation in Nusselt number due to gap is influenced by velocity of 

air through the gap and the area disturbed by this airflow downstream of the gap. Larger the gap 

width, smaller is velocity of air through the gap and larger is the area of disturbance downstream and 

vice versa.  

Friction factor 

The presence of roughness element inside a flow passage creates turbulence which causes increment 

in pumping power. The effect of heat input on friction factor (f) with Reynolds number is shown in 

Figure 6. It has been observed that friction factor and friction factor ratio increases with the increase 

in relative roughness width. Friction factor goes on increasing on account of formation of vortices 

due to separation of flow and this multiple vortices also increases mixing of air which rise heat 
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transfer through localised conduction. Hence, these vortices cause increase of heat transfer from 

plate to air but these vortices also encourages large pressure drop through the flow across the duct.  

Conclusions 

Based on experimental investigation, heat transfer and friction characteristics in a rectangular 

channel having multiple arcs elements on the absorber plate of solar air heater have been studied. 

From this study it is concluded that: 

1. Maximum enhancement in Nusselt number and friction factor is higher as compared to 

smooth one. 

2. It has also been observed that large diameter of roughness elements donot actually contribute 

in increasing the heat transfer coefficient to that extent as done in the case of low cross 

section area elements. This may be attributed to the fact that more power is lost therefore 

power penalty is increased due to increase in pumping power and moreover the phenomena 

of flow restriction is more as compared to generation of secondary flow vortices. 

3. It is therefore not advisable to use large sized geometries for creation of roughness elements 

as the net thermos- hydraulic parameter decreases.  

 

References 

1. Foster R, Ghassemi M, Cota A. Solar energy: renewable energy and the environment. New 

York: CRC Press Taylor & Francis group; 2010. 

2. Kaltschmitt M, Streicher W, Wiese A. Renewable energy: technology, eco- nomics and 

environment. 1st ed..  New York: Springer; 2007. 

3. Quaschning V. Understanding renewable energy systems. 3rd ed..  London: Earthscan; 2005. 

4. Twidell J, Weir T. Renewable energy: sources. 2nd ed.. New York: Taylor & Francis;  2006. 

5. Sukhatme SP, Nayak JP. Solar energy. 3rd ed.. New Delhi: Tata McGraw Hill; 2011. 

6. Date AW. Introduction to computational fluid dynamics. 1st ed.. New York: Cambridge 

University Press; 2005. 

7. Chung TJ, editor.  Cambridge UK: Cambridge University Press; 2002. 

8. Prasad BN, Saini JS. Optimal thermohydraulic performance of artificially roughened solar air 

heaters. Solar Energy 1991;47(2):91–6. 



  
 

 

50 Navneet Kumar Pandey
a
, Prof. V.K Bajpai

b
, Dhiraj Upadhyay 

c
, Kishan lal Agarwal 

c
 

 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 2 Special Issue 

May 2015       

9. Prasad BN, Saini JS. Effect of artificial roughness on heat transfer and friction factor in a 

solar air heater. Solar Energy 1988;41(6):555–60. 

10. Prasad K, Mullick SC. Heat transfer characteristics of a solar air heater used for drying 

purposes. Applied Energy 1983;13:83–93. 

11. Verma SK, Prasad BN. Investigation for the optimal thermohydraulic performance of 

artificially roughened solar air heaters. Renewable Energy 2000;20(1): 19–36 

12. Gupta D, Solanki SC, Saini JS. Heat and fluid flow in rectangular solar air heater ducts 

having transverse rib roughness on absorber plates. Solar Energy 1993;51(1):31–7 

13. Gupta D, Solanki SC, Saini JS. Thermohydraulic performance of solar air heaters  with  

roughened  absorber  plates.  Solar  Energy  1997;61(1):33–42. 

14. Saini RP, Saini JS. Heat transfer and friction factor correlations for artificially roughened 

ducts with expanded met.al mesh as roughened element. International Communications in 

Heat and Mass Transfer 1997;40(4):973–86. 

15. Momin AME, Saini JS, Solanki SC. Heat transfer and friction in solar air heater duct with v- 

shaped rib roughness on absorber plate. International Communications in Heat  and  Mass  

Transfer 2002;45:3383–96. 

16. Bhagoria JL, Saini JS, Solanki SC. Heat transfer coefficient and friction factor correlations 

for rectangular solar air heater duct having transverse wedge shaped rib roughness on the 

absorber plate. Renewable Energy 2002;25:341–69. 

17. Saini SK, Saini RP. Development of correlations for Nusselt number and friction factor for 

solar air heater with roughened duct having arc-shaped wire as artificial roughness. Solar 

Energy 2008;82:1118–30. 

18. Saini RP, Verma J. Heat transfer and friction factor correlations for a duct having dimple- 

shaped artificial roughness for solar air heaters. Energy 2008;33:1277–87. 

19. Karmare SV, Tikekar AN. Heat transfer and friction factor correlation for artificially 

roughened duct with met.al grit ribs. International Journal of Heat and Mass Transfer 

2007;50:4342–51. 

20. Kumar A, Bhagoria JL, Sarviya RM. Heat transfer enhancement in channel of solar air 

collector by using discrete W-shaped artificial roughened absorber. In: 19th National &  8th 

ISHMT-ASME heat and mass transfer conference; 2008. 

21. Jaurker AR, Saini JS, Gandhi BK. Heat transfer and friction characteristics of rectangular 

solar air heater duct using rib-grooved artificial roughness. Solar Energy 2006;80:895–907. 

22. Layek A, Saini JS, Solanki SC. Second law optimization of a solar air heater having 

chamfered rib-groove roughness on  absorber  plate.  Renewable Energy   2007;32(12):1967–

80 

23. Sahu MM, Bhagoria JL. Augmentation of heat transfer coefficient by using 901 broken 

transverse ribs on absorber plate of solar air heater. Renewable Energy 2005;30:2057–73 

24. Mittal MK, Varun RP, Singal SK. Effective efficiency of solar air heaters having different 

types of roughness elements on absorber plate. Energy 2007;32:739–45. 



  
 

 

51 Navneet Kumar Pandey
a
, Prof. V.K Bajpai

b
, Dhiraj Upadhyay 

c
, Kishan lal Agarwal 

c
 

 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 2 Special Issue 

May 2015       

25. Varun RP, Singal SK. A review on roughness geometry used in solar air heaters. Solar 

Energy 2007;81:1340–50. 

26. Hans VS, Saini RP, Saini JS. Performance of artificially roughened solar air heaters- A 

review. Renewable and Sustainable Energy Reviews 2009;13: 1854–69. 

27. Bhushan B, Singh R. A review on methodology of artificial roughness used in duct of solar 

air heaters. Energy 2010;35:202–12. 

28. Kumar A, Saini RP, Saini JS. Heat and fluid flow characteristics of roughened solar air heater 

ducts—a  review. Renewable Energy 2012; 47:77–94. 

29. Arulanandam SJ, Hollands KGT, Brundrett E. A CFD heat transfer analysis of the  transpired  

solar  collector  under  no-wind  conditions.  Solar  Energy 1999;67(1–3):93–100. 

30. Ammari HD. A mathematical model of thermal performance of a solar air heater with slats. 

Renewable Energy 2003;28:1597–615. 

31. Chaube A, Sahoo PK, Solanki SC. Analysis of heat transfer augmentation and flow 

characteristics due to rib roughness over absorber plate of a solar air heater. Renewable 

Energy 2006;31:317–31. 

32. Chaube A, Sahoo PK, Solanki SC. Effect of roughness shape on heat transfer and flow 

friction characteristics of solar air heater with roughened absorber plate. WIT Transactions on 

Engineering Sciences 2006;53:43–51. 

33. Wang C, Guan Z, Zhao X, Wang D. Numerical simulation study on transpired solar air 

collector. In: Proceedings of the sixth international conference for enhanced building 

operations, 6–9 November 2006, Shenzhen, China; 2006. 

34. Varol Y, Oztop HF. A comparative numerical study on natural convection in inclined wavy 

and flat-plate solar collectors. Building and Environment 2008;43:1535–44. 

35. Kumar S, Saini RP. CFD based performance analysis of a solar air heater duct provided with 

artificial roughness. Renewable Energy 2009;34:1285–91. 

36. Karmare SV, Tikekar AN. Analysis of fluid flow and heat transfer in a rib grit roughened 

surface solar air heater using CFD. Solar Energy 2010;84:409–17. 

37. Soi A, Singh R, Bhushan B. Effect of roughness element pitch on heat transfer and friction 

characteristics of artificially roughened solar air heater duct. International Journal of 

Advanced Engineering Technology 2010;1(3): 339–46. 

38. Sharma S, Singh R, Bhushan B. CFD based investigation on effect of roughness element 

pitch on performance of artificially roughened duct used in solar air heaters. International 

Journal of Advanced Engineering Technology 2011;2(1): 234–41. 

39. A.M.Lanjewar, J.L.Bhagoria, M.K.Agrawal., ―Review of development of artificial roughness 

in solar air heater and performance evaluation of different orientations for double arc rib 

roughness‖, Renewable and Sustainable Energy Reviews 43 (2015) 1214–1223 

40. Adisu Bekele, Manish Mishra, Sushanta Dutta., ―Performance characteristics of solar air 

heater with surface mounted obstacles‖., Energy Conversion and Management 85 (2014) 

603–611 



  
 

 

52 Navneet Kumar Pandey
a
, Prof. V.K Bajpai

b
, Dhiraj Upadhyay 

c
, Kishan lal Agarwal 

c
 

 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 2 Special Issue 

May 2015       

41. Sanjay K. Sharma, Vilas R Kalamkar., ―Thermo-hydraulic performance analysis of solar air 

heaters having artificial roughness–A review‖., Renewable and Sustainable Energy Reviews 

41(2015) 413–435 

42. Anil Kumar Patil., ―Heat transfer mechanism and energy efficiency of artificially roughened 

solar air heaters—A review‖., Renewable and Sustainable Energy Reviews 42 (2015) 681–

689 

 

 


