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Abstract— Solar air heaters are cheap and extensively used 

solar energy collection devices for space heating, seasoning 

of timber, curing of industrial products and can also be 

effectively used for curing/drying of concrete/clay building 

components and in air-conditioning systems. In this article, 

the effect of relative roughness height on Nusselt number and 

friction factor in an artificially roughened solar air heater 

having circular-sectioned symmetrical right angle roughness 

(duct aspect ratio, AR = 1) is studied. Circular-sectioned 

symmetrical right angle geometry are applied at the underside 

of the top of the duct, that is, on the absorber plate. The pitch 

(P) and height (e) are varied by keeping pitch-to-height ratio 

constant (P/e = 35mm). The height-to-hydraulic-diameter 

ratio (e/D) studied is 0.013 mm. For each height-to-hydraulic 

diameter ratio (e/D), simulations are executed at six Reynolds 

numbers from 3500 to 13,000 (relevant in solar air heater). 

The thermal enhancement factor for e/D = 0.013 is found to 

be the best for the investigated range of parameters. 

Experimental investigation of effect of relative roughness 

height on Nusselt number and friction factor in an artificially 

roughened solar air heater. 
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I. INTRODUCTION 

All the physical activity in this world, whether by human 

being or by nature, is caused due to the flow of energy in one 

form or the other. Energy is required to do any kind of work. 

The word ‘energy’ itself is derived from the Greek word ‘en-

ergon’, which means ‘in-work’ or ‘work content’. The work 

output depends on the energy input. The capability to do work 

depends on the amount of energy one can control and utilize. 

Energy has become an important and one of the basic 

infrastructures required for the economic development of a 

country. Energy security is imperative for sustained growth 

of economy. 

Energy is the capability to produce motion, force 

and change in shape. Energy is the basic ingredient of the 

fabric life. Energy action in the universe is an expression of 

energy in one form or the other. The living standard can be 

directly related to per capita energy consumption. Presently 

major portion of our energy demand is met by crude oil which 

supplies nearly 39 % natural gas about 20 % and coal about 

33 %. The present energy sources ace exhaustible and are 

depleting fast. The present energy consumption is about 0.3 

to 0.5 Q/year (1Q = 1010 KJ) where as availability in the form 

conventional energy resources such as coal, oil and natural 

gas is 35Q. Conventional energy sources are not sufficient to 

meet the energy demands for very long. 

A systematic study of various forms of energy and 

energy transformations, involving human experience and 

observations is called energy science. The applied part of 

energy science useful to human society, nation and individual 

is called energy technology. 

II. EXPERIMENTAL PROCEDURE 

All components of the experimental set-up and the 

instruments have been checked for proper operation the 

blower is then switched on and the joints of the set-up 

checked for air leakage with soap bubble technique.Both 

manometer are properly leveled. Blower is switched on and 

the flow valve is adjusted to give a predetermined rate of air 

flow to the test section. 

The test runs to collect relevant heat transfer and 

flow friction data were conducted under quasi-steady state 

conditions. The quasi-steady state condition is assumed to 

have been reached when the temperature reach a point and 

does not change for about 10-12 minutes. When a change in 

the operating condition is made, it takes 30-40 minutes to 

reach such a quasi-steady states. After each change of flow 

rate, the system was allowed to attain a steady state before the 

data were recorded. In order to reduce the effect of inaccuracy 

in the measurement of temperature, which strongly affects the 

accuracy of the calculation of heat transfer coefficient, the 

temperature of the air through the duct has been maintained 

greater then 10 degree centigrade and the temperature 

difference between the heated plate and the bulk air 

temperature has been kept above 20°C During the 

experimentation the temperature of the air entering the duct, 

range between 35 to 40°C according to the local atmospheric 

condition. The temperature of the air at the outlet of the test 

section range between about 40°C to 75 oC. All readings have 

been noted under steady state condition which was assumed 

to have been obtained when the plate and air outlet 

temperature did not deviate over a 15 minute period. After the 

steady state has been reached, the Voltage, current, the plate 

temperature, the inlet and the exit temperature, the pressure 

drop ,across the duct and across the orifice plate have been 

recorded. For each plate configuration 5 runs have been 

conducted at different air flow rate corresponding to the 

Reynolds number between is 3000 to 14000.  

The following parameters were measured during the 

experiments: 

1) The Pressure drop across the orifice plate. 

2) The pressure drop in the duct. 

3) The inlet and out let temperature of the duct. 

4) The temperature of plate. 

III. VALIDATION OF TEST 

The present work is compared with modified Blasius 

equation which is given bellow: 

 fs=0.085 Re-0.25 
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Figure 3.12: Variation of Friction Factor with Respect To 

Nusselt No, Validate With [1] 

This graph is also match with the Narenderpal singh 

deo ,Subhash Chander and J.S.Saini and by comparision on 

both study nature of the graph is same,but there is some % 

error [(5 ± 3)%] due to neglecting the humidity effect during 

experiment. 

IV. EXPERIMENTAL DATA 

As mentioned above, experimental data have been collected 

for four sets of absorber plates. Many runs have been taken 

with different mass flow rate for each plate. The experimental 

data has been used to determine: 

1) Friction factor (f) 

2) The heat transfer coefficient (h)  

3) Nusselt number (Nu) 

DATA REDUCTION: Equations used in the calculation are: 

MEAN AIR & PLATE TEMPERATURE: 

The mean air temperature or average flow 

temperature Tfav is the simple arithmetic mean of measure 

values at the inlet and exit of the test section. Thus, 

𝑇𝑓,𝑎𝑣 =
(𝑇𝑖 + 𝑇0)

2
 

Where,𝑇𝑓,𝑎𝑣  is average flow temperature of the plate, 

𝑇𝑖  is the inlet temperature of the air and  

To  is the outlet temperature of the flowing air. 

S. No. Parameters Values 

1 Reynolds’ number 3500 – 13000 

2 Aspect ratio 1.0 

3 Test section length (L) 1000 mm 

4 Hydraulic diameter (D) 150 mm 

5 Pitch  (P) 70  mm 

6 Relative roughness height (e/D) 0.013 mm 

7 Relative roughness pitch (P/e) 35 mm 

8 Solar insulation (I) 720 W/m2 

9 Plate material G.I sheet 

10 Thickness of plate 1.0 mm 

11 Angle of attack (𝛼) 45˚ 

12 Area of plate 15000 mm2 

Table 1.1: Parameters and Ranges That Are Used In the 

Experiment 

These parameter and ranges are used in this 

experiment which are compare to the base paper i.e. Anil 

singh yadav, J.L. Bhagoria 

A. Pressure Drop Calculation 

Pressure drop measurement across the orifice plate was 

calculated by following equation, 

∆P0 = ∆h ∗ ρm ∗ 9.81 

Where, 

∆P0 =  Pressure difference, 

ρm =  Density of fluid, 

∆h =  Difference of liquid head in U-tube 

manometer 

B. Mass Flow Measurement 

Mass flow rate of air has been determined from pressure drop 

measurement across the orifice plate by using the following 

relationship, 

m =  ρ ∗ A ∗ V 

Where,  

m =  Mass flow rate (in Kg/s) 

ρ =  Density of air (= 1.1576 Kg/m3) 

A =  Area of orifice plate (in m2) 

V =  Velocity of air (m/s) 

C. Velocity Measurement 

V =
m

ρ ∗ A
 

Where 

m =  Mass flow rate (in Kg/s) 

ρ =  Density of air (1.1415 Kg/m3) 

A =  Area of orifice plate (in m2) 

D. Reynolds Number 

The Reynolds number for flow of air in the duct is calculated 

from, 

Re =
VLc

ϑ
 

Where,  

Kinematic viscosity (ϑ) = 15.48 x 10-6 m2/sec, and 

Hdraulic diameter (D) =  
2WH

W+H
 

E. Heat Transfer Co-Efficient 

Heat transfer rate, Q̇a to the air is given by 

Q̇a = mcp(To − Tin) 

The heat transfer coefficient for the heated test section has 

been calculated from,  

h =
Q̇a

Ap(Tp,av − Tf,av)
 

Where, 

Ap = Heat transfer area assumed to be the corresponding 

smooth plate area. 

F. Nusselt Number 

The heat transfer coefficient has been used the determine the 

Nusselt number and Stanton number defined as, 

Nu =
hLc

k
 

Where, 

k = Thermal conductivity of the air at the mean air 

temperature 

Lc = The hydraulic diameter based on entire wetted 

perimeter. 
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+3The effect of humidity has been neglected since the relative 

humidity values during the experimentation have been found 

to be low ranging from 25 to 40 % and variation was small. 

G. Friction Factor 

Friction factor is calculated by, 

f =
∆P ∗ 2gD

LV2
 

H. Thermal Efficiency (Ƞth): 

Ƞth= 
usefull heat gain (q) 

Intensity of solar radiation(I)
 

AREA OF PLATE 

A = W × L 

W  =  Width of the plate 

L =  Length of the plate 

V. EXPERIMENTAL RESULTS 

Insulation 

(I),W/m2 

 

Inlet 

Temp.(Tin) (o C) 

Outlet 

Temp.(To) 

(o C) 

Average 

Plate 

Temp.(Tp) 

Average 

Flow 

Temp.(Tfm ) 

Reynolds 

Number 

(Re) 

Nusselt 

No. 
Friction Factor 

720 36.783 50.41 82.467 43.59 3685 21 0.0222 

720 37.269 47.55 78.376 42.40 4794 27.80 0.0202 

720 37.369 43.13 75.165 40.24 6796 37.911 0.0178 

720 36.783 41.14 68.20 38.96 9780 52.37 0.0166 

720 36.783 40.56 62 38.67 12144 63.48 0.0146 

Table 1.2: Experimental Result on Smooth Plane Plate 

Insulation 

(I),W/m2 

 

Inlet 

Temp.(Ti) o C 

Outlet 

Temp.(To) 
o C 

Average 

Plate 

Temp.(Tp) 

Average 

Flow 

Temp. 

(Tfm  ) 

Reynolds 

Number 

(Re) 

Nusselt 

No. 
Friction Factor 

Efficiency 

In (%) 

720 40 62 127 51 3843 22.05 0.0109 56 

720 41 57.5 102.75 49.25 8595 50.74 0.0088 66 

720 41 52 83 46.5 10956 65.23 0.0083 71.22 

720 40.5 49.25 73 44.9 12155 72.64 0.0081 72.51 

720 40.5 47.25 68.9 43.9 13992 84.03 0.0078 72.80 

Table 1.3: Experimental Result of Symmetrical Right Angle Triangle Absorber Plate 

VI. DISCUSSION ON RESULTS 

Nusselt number and friction factor for smooth duct were 

experimentally determined. The experimentally obtained 

values for smooth ductare compared with Dittus-Boelter and 

modified Blasius equation equation for Nusselt number and 

friction factor respectively. 

VII. CONCLUSION 

The present work was undertaken of with the objectives of 

extensive investigation into symmetrical right angle 

geometry as artificial Roughness on the underside of absorber 

plate of solar air heater. Results have been compared with 

those of a smooth duct under similar flow condition to 

determine heat transfer coefficient and friction factor. 

The following conclusion has been drawn from this 

investigation: 

1) On increase the value of Reynolds number, friction 

factor decrease that means loss of pressure drop 

decrease. 

2) The value of the Friction factor reduces sharply at low 

Reynolds number, and then decrease very slightly in 

comparison to low Reynolds number. 

3) The experimental values of the heat transfer coefficient 

are increase with increase of temperature and Reynolds 

number. 

4) It has been observed that thermal efficiency increases 

with increase in Reynolds number. 

5) With increase of Nusselt no heat transfer also increases. 

6) In the entire range of Reynolds number, it is found that 

the Nusselt number increases, attains a maximum Value 

for roughened absorber plate. 

VIII. SCOPE FOR FUTURE WORK 

1) The shape of duct and flow pattern can be change to 

reduce the friction losses. 

2) Combinations of different geometries can also be used 

for the augmentation of heat transfer. 
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