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ABSTRACT 
 

Solar energy is the most important renewable energy resource due to its easy 

availability and abundance. For the purpose of minimizing the energy loss and to maximize the 

utilization of solar energy for low grade thermal applications, absorbent materials have been 

effectively employed as energy captivating medium. Solar air heaters are easily fabricated with 

cheaper material as compared to solar water heaters. It produces hot air for industrial 

applications as drying the food, space heating etc. Thermal efficiency of solar air heater is poor 

due to its low rate of heat transfer. For increasing the efficiency of heat transfer, artificial 

roughness in the form of ribs is created over the absorber plate which tends to increase the 

turbulence of air, thereby increasing the vortex flow over the plate. By experimenting the effect 

of different ribs geometry over the absorber plate, enhancement of Nusselt number and friction 

factor is calculated and apart from this some correlations were also developed on account of the 

values coming from the experiment. 

This thesis presents the effect of heat transfer and friction factor of discrete ribs on the 

both side of absorber plate in double pass solar air heater. These effects depends upon the 

relative roughness height of (e/Dh) 0.044, the relative roughness pitch (p/e) of 5, 10 and 20 and 

angle of attack ( ) of 30°, 60˚and 90˚. Reynold number varies from 6900-14000. The aspect 

ratio (W/H) of experimental setup is 10. The maximum heat transfer and friction factor is 

observed at relative roughness pitch (p/e) of 10 and angle of attack ( ) of 60˚. Also the 

maximum value of thermal and thermohydraulic efficiency is observed at same relative 

roughness pitch of 10 and angle of attack ( ) 60˚. It also shows that the performance of double 

pass solar air heater is higher than the single pass air heater. 
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NOMENCLATURE  

AC   Area of absorber plate (m
2
) 

 A0  Throat area of orifice meter (m
2
) 

ASHARE        American Society of Heating, Refrigerating, and Air Condensing Engineers  

BTU  British Thermal unit 

CP   Specific heat (J/Kg K) 

Cd   Coefficient of discharge of orifice meter 

D   Effective diameter 

Dh   Hydraulic diameter (m) 

d/W  Relative gap position 

e   Roughness element height (mm) 

e/Dh   Relative roughness element 

f   Friction factor 

fS   Friction factor for smooth plate 

g/e   Relative gap width 

h   Heat transfer coefficient (W/m
2
K) 

k   Thermal conductivity(W/m K) 

l/s   Relative grit length 

m   Mass flow rate (Kg/s) 

Nu  Nusselt number 
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Nus   Nusselt number for smooth plate 

p   Pitch (m) 

p/e   Relative roughness pitch 

Qu   Heat gain (Watt) 

Re   Reynold number 

Tf   Bulk mean air temperature (°C) 

Tp  Average plate temperature (°C) 

W/H   Aspect ratio 

Α  Angle of attack (α) 

β   Ratio between orifice diameter to pipe diameter 

ΔPo   Pressure drop across orifice meter (N/m
2
) 

ρ     Density of air (Kg/m
3
)  

   Chamfer angle 
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CHAPTER 1                             INTRODUCTION    

 

 

1.1 INTRODUCTION  

Energy is an important input for economic development and improving quality of life as 

it is a key factor in defining the commercial development of all countries. India’s per capita 

ingestion of commercial energy (e. g. coal,  petroleum and  electricity )  is  only 1/8
th

 of   global  

                                                                                        

                                                                                            

                                                                              [ ]        

                                                                                         

                                                                                                

                                                                                        

                                                                                            

                                           [ ]  

Table. 1 Percentage use of sources consumed by world [2] 

Energy 

Sources 

Oil Coal Gas Uranium Hydro Dung Waste Wood 

Utilization 38.3% 32.5% 19% 0.13% 2.0% 1.2% 0.3% 6% 

Oil, coal, gas, uranium and hydro which are about 92% are commonly known as 

commercial or conventional energy sources. Non- commercial sources like firewood, animal 

dung and agriculture waste represent 8 % of total energy used in the world [2].         

Classifications of energy sources into three ways: 

i) Primary Energy Sources: Primary energy sources can be defined as sources which provide 

a  net supply of  energy.  Coal, Oil, Uranium etc. are some of  the  examples  of  this  type.  The  

                                                                                               

                                                                                            

                               

ii) Secondary Energy Sources: They produce no net energy and their yield is less than the 

input. Example is intensive agriculture, solar energy, Wind energy, Water energy, Tidal energy 

etc. 
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iii)  Supplementary Energy Sources: These are those energy sources  whose net  energy yield  

                                                                                                

                     [ ]  

If the present trend continues, the world will be very crowded in the coming years. The 

world population may reach 10 billion in the recent years. The conventional energy sources like 

coal, wood, petrol etc. are reducing very fast whereas nuclear energy requires a lot of experts 

and safety against nuclear radiations. Also these are not good for health as they produce a lot of 

pollution and damage to our body. So there is a need of switching over to non-conventional 

energy source like solar energy, wind energy, tidal energy etc. which are non-exhaustible types 

of energy sources and produce no pollution. Today every country draws its energy 

requirements from a variety of sources and uses them in different areas.  

 

1.2 SOLAR ENERGY 

The sun is the prominent source of the energy we use on earth. Solar energy is very 

large, inexhaustible source of energy. The power from the sun intercepted by the earth is 

approximately 1.8×10
11 

MW, which is thousands of times larger than the present consumption 

rate on the earth of all commercial energy sources. Thus solar energy could supply all the 

present and future energy needs of the world on a continuing basis. This makes it one of the 

most promising unconventional energy sources [1, 3]. 

                                                                                             

                                                                                       

                                                                                          

                                                                                                

                                                                 The energy received 

from the sun on a unit area perpendicular to the direction of propagation of radiation outside 

atmosphere is called solar constant, and has a value 1353 W/m
2 

and when received on the earth 

has a value of 1100 W/m
2
 and is variable. This energy is typically converted into usual energy 

form through natural and man- made processes [1]. 

The applications of solar energy which are enjoying most success today are [3]: 

(1) Heating and cooling of housing building. 

(2) Solar water heater 

(3) Solar dryer for agriculture. 

(4) Solar distillation System. 

(5) Salt production by evaporation of sea water or in land brines. 
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1.3 SOLAR COLLECTOR 

Solar collectors are the collection devices which increase the flux on the absorber 

surface as compared to the flux impacting on the concentrator surface. Due to the apparent  

                                                                                            

                                                                                                        

                                                                                            

                                                                                              

                                                                                            

 [ ]  The utilization of solar energy requires solar collectors. There are general two types: 

1. Non-concentrating or stationary                      

2. Concentrating 

1.3.1. Non-Concentrating or Stationary Collectors 

These collectors are permanently fixed in position and do not track the sun. Three types 

of collectors fall in this category: 

1. Flat plate collectors (FPC) 

2. Stationary compound parabolic collectors (CPC) 

3. Evacuated tube collectors (ETC) 

1.3.1.1. Flat-Plate Collectors (FPC) 

A typical flat-plate solar collector is shown in Fig. 1. A simple flat plate collector 

consists of a flat surface called as absorber plate having high absorptivity for solar radiations  

[ ]                                                                                   

                                                                                          

                                                                                             

                                                                                            

                                                                                           

                                                                                                

                                    [ ]                                                      

                                     [ ]  
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Figure 1 Schematic diagram of Flat-plate collector [7] 

1.3.1.2. Compound Parabolic Collectors (CPC) 

Compound parabolic collectors (CPC) have the capability of reflecting to the absorber  

                                                                                          

                                                                                           

                                                                                          

                                                                                           

                                                                                               

                                                                                               

 [ ]   

 

Figure 2 Schematic diagram of a CPC Collector [6] 

1.3.1.3. Evacuated Tube Collectors (ETC) 

Evacuated heat pipe solar collectors (tubes) consist of a heat pipe inside a vacuum- 
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                                                                                  Both 

direct and diffuse radiation can be collected [6]. 

 

Figure 3 Schematic diagram of an evacuated tube collector [7] 

1.3.2. Sun Tracking Concentrating Collectors 

In concentrating collectors solar energy is optically concentrated before being 

transferred into heat. Concentration can be obtained by reflection or refraction of solar radiation 

by the use of mirrors or lenses. The reflected or refracted light is concentrated in a focal zone, 

thus increasing the energy flux in the receiving target [6]. 

The collectors falling in this category are: 

1. Parabolic trough collector (PTC) 

2. Linear Fresnel reflector (LFR) 

3. Parabolic dish reflector (PDR) and 

4. Heliostat field collector (HFC) or central receiver system 

1.3.2.1. Parabolic trough collector (PTC) 

Parabolic trough collectors are made by bending a sheet of reflective material into a 

parabolic shape. A metal black tube, covered with a glass tube to reduce heat losses, is placed  
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Parabolic trough collectors (PTC) can effectively produce heat at temperatures between 50°C 

and 400°C for solar thermal electricity generation or process heat applications [4]. 

 

Figure 4 Schematic diagram of a parabolic through collector [7] 

1.3.2.2. Linear Fresnel Reflector (LFR) 

Linear Fresnel reflector (LFR) technology relies on an array of linear mirror strips 

which concentrate light on to a fixed receiver mounted on a linear tower. The LFR field can be  

                                                                                           

                                                                                        

                                                                                               

                                                                                                   

                                                                     Additionally these are 

mounted close to the ground, thus minimizing structural requirements [6]. 

 

Figure 5 Schematic diagram of Linear Fresnel Reflector [7] 
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1.3.2.3. Parabolic Dish Reflector (PDR) 

A parabolic dish reflector shown schematically in Fig. 6 is a point-focus collector that 

tracks the sun in two axes, concentrating solar energy onto a receiver located at the focal point 

of the dish.                                                                                 

                                                                                            

                                                                                                

                                                                                            

                                                                                          

                                                                                                 

                                                                                 [ ]   

 

Figure 6 Schematic diagram of a parabolic dish collector [7] 

1.3.2.4. Heliostat Field Collector (HFC) 

                                                                                       

                                                                                             

                                                                                                 

                                                                                           

                                                                                              

The concentrated heat energy absorbed by the receiver is transferred to a circulating fluid that 

can be stored and later used to produce power [6]. 
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Figure 7 Schematic diagram of heliostat field collector [7] 

1.4 SOLAR AIR HEATERS 

Solar air heaters are one of the simplest and cost effective solar energy utilization 

systems, converts solar radiations into the useful thermal energy [8]. Air is used as a heat 

transfer medium in many of the energy conversion systems.  

                                                                                        

                                                                                            

                                                                                        

                                                                                            

                                                                                              

                                                                                               

                   It is having the following advantage over the other type of collector of solar 

energy collectors [9]: 

1. Absorb direct, diffuse and reflected components of solar radiation , 

2. Low cost and easy manufacturing  

3. High efficiency  

4. Fixed and no need of tracking  

5. Long life and low maintenance cost  

Classification of air heaters according to the absorbing surface are given below [9]: 
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Figure 8 Classification of Air Heater [9] 

1.5 PERFORMANCE OF AIR HEATER 

Solar energy is one of the most promising and simply convertible forms of renewable 

energy on the earth. It requires proficient collection of energy and storage system for 

economical utilization. Cost effective solar energy utilization with the system of solar air 

heater, it converts the solar radiation into thermal energy which utilized by many applications. 

But the efficiency of solar air heater is very poor due to low heat transfer coefficient between 

the flowing air and absorber plate [10]. To increase the performances of air heater, artificial 

roughness geometry used on the absorber plate. Roughness is used to break the laminar viscous 

sub layer formed on absorber plate for increasing the level of turbulence to enhance the heat 

transfer.  

There are following some technique to improve the performance of air heater [11]:  

1.5.1 Reduction of heat losses 

Heat loss is one of the main reason which results in lower heat transfer which further 

accounts for lower efficiency of the heater. So there is a need to minimize this heat loss so as to 

increase the properties of solar heater. Some of the ways of reducing heat losses from the solar 

collector are given below. 

a) By lowering convective as well as irradiative heat losses 

b) By selective absorber surfaces  
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1.5.2 Improvement of heat transfer from absorber plate 

The low convective rate of heat transfer between the absorber plate and the air flowing 

in the duct, results in relatively high absorber plate temperature leading to higher heat losses to 

the environment. These losses can be reduced by lowering the absorber plate temperature by 

increasing the heat transfer coefficient between the absorber plate and the air flowing in the 

duct. This can be achieved by following methods: 

a) By providing packed bed absorbers for solar air heating collectors 

b) By increasing the area of heat transfer without effecting the convective heat transfer 

coefficient 

c) By increasing convective heat transfer coefficient using artificial roughness.  
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CHAPTER 2                                                TERMINOLOGY  

 

 

2.1 CONCEPT OF ARTIFICIAL ROUGHNESS 

                                                                                                          

                                                                                                

                                                                                             

                                                                                                  

                                                                                                

                                                so there is a need to  minimize this  power loss 

to make it more efficient [11]. 

                                                                                    

                                                                                          

                                                                                                

                                                                                                    

        So by breaking this layer to create turbulence the heat transfer rate and Fr 

characteristics can be increased which further increases the thermal efficiency and thermo 

hydraulic performance of a solar air heater. [11] 

The key dimensionless geometrical parameters that are used to characterize roughness are [11]: 

1. Relative roughness pitch (p/e) 

                                                                                          

                     . 

2. Relative roughness height (e/Dh) 

Relative roughness height (e/Dh) is the ratio of rib height to equivalent diameter of the air 

passage. 

3. Angle of attack (α) 

Angle of attack is inclination of rib with direction of air flow in duct. 

4. Shape of roughness element 
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The roughness elements can be two-dimensional ribs or three dimensional discrete elements, 

transverse or inclined ribs or V-shaped continuous or broken ribs with or without gap. The 

roughness elements can also be arc-shaped wire or dimple or cavity or compound rib-grooved.  

5. Aspect ratio 

It is ratio of duct width to duct height. This factor also plays a very key role in investigating 

thermo-hydraulic performance. 
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CHAPTER 3                             REVIEW OF LITERATURE 

 

 

3.1 INTRODUCTION 

The purpose of comprehensive literature review is to collection of particular articles, 

books and other sources about a specific subject. The purpose is to summarize the existing 

research that has been done in the present time and to highlight what research will add to the 

existing body of knowledge. Several methods used by many investigators to increase the 

efficiency. They are used different geometry and operating parameter which is summarized as 

literature review. 

3.2. SINGLE PASS SOLAR AIR HEATER 

Prasad and Saini [14] have investigated solar air heater with the use of small diameter 

protrusion wires on the surface of the plate which develop the expression Stanton number and 

friction factor.                                                                              

 and 10.7 % for the Nu. 

Gupta et al. [15] studied that the thermohydraulic performance increased with the 

increase in insolation. For a roughened solar air heater, maximum enhancement in heat transfer 

and Fr was obtained to be of the order 1.8 and 2.7 times respectively at ‘’ 60 and 70 

respectively and the effect of (e/Dh), ‘’ with respect to flow direction and Re on the 

                                                                                 rough 

flow region which is shown in Fig. 9.  

 

Figure 9 Configuration of inclined ribs [15] 

L. Varshney and Saini [16] have done experimental investigations on heat transfer and 

fluid flow characteristics of a solar air heater having its duct packed with the wire mesh 

matrices. The investigation concealed a wide range of parameters of wire matrix geometry such 

as wire diameter, pitch, number of layers. They have developed correlation for heat transfer and 
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Fr coefficients for air flowing through the bed of wire mesh and also developed Colburn J- 

factor and friction factor. These correlations predict the experimental data with rational 

precision. 

Ebrahim Momin at al. [17] examined the effect of V-shaped ribs on heat transfer and 

fluid flow characteristics on the absorber surface of plate. It was obtained the maximum 

performance at angle of attack of 60
0.

.  

 

Figure 10 Configuration of V-shaped ribs [17] 

Bhagoria et al. [18] examined the impact of wedge shape roughness on the heat transfer 

and friction factor of absorber plate used in the solar air heater. The range of Re is from 3000 to 

18000, (e/Dh) is from 0.015 to 0.033, (p/e) is from 6 to 12.12 and wedge angle  is from 8 to 

15°. It was also observed that the Nu increases 2.4 times as that of the smooth duct and friction 

factor 5.3 times. 

 

Figure 11 Configuration of wedge shape roughness [18] 

Togrul et al. [19] investigated the development and analysis of solar air heater with 

conical concentrator. They studied the performance of solar air heater with a cylindrical 

absorber centered to a conical concentrator for focusing incident solar radiation. There primary 

objective was to attain higher temperatures than that of the flat plate collectors. They found that 

tilting angles under local latitude would be most appropriate for collector installations and can 

attain a temperature of 150 
0
C. 

Sahu and Bhagoria [20]                                                              

15 on the heat transfer coefficient using the roughness parameters and flow parameter like (p/e) 

of 10 to 30 mm, rib height of 1.5 mm, aspect ratio for the duct of 8 and Reynolds number 

between 3000-12,000. It was found that Nusselt number attains the maximum value at the 
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roughness pitch 20 mm and goes on decreasing with increase in roughness pitch. Roughness on 

the absorber plate increases the heat transfer coefficient by 1.25-1.4 times as that of the smooth 

duct. 

 

Figure 12 Configuration of broken transverse ribs [20] 

Singal et al. [22] examined the heat transfer and Fr characteristics. The variation of Re 

number from 2000 to 14000, relative roughness pitch (p/e) 3 to 8 and relative roughness height 

(e/Dh) 0.0030. The maximum thermal efficiency of air heater at (p/e) is 8. 

                         

Figure 13 Configuration of inclined and transverse ribs [22] 

Aharwal et al. [23] examined the effect of geometrical parameter of gap width and gap 

position Fig. 14. They have observed that maximum enhancement in heat transfer and Fr occur 

at relative gap position of 0.25, relative gap width of 1.0, relative roughness pitch (p/e) of 8.0, 

angle of attack (α) of 60° and relative roughness height (e/Dh) of 0.037. Based on the 

experimentation correlation for the Nusselt number and friction factor have been developed.  

 

Figure 14 Configuration of inclined rib with gap [23] 
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Prasad et al. [24] investigated on a packed bed solar air heater using wire mesh. The 

range of air mass flow rate is 0.0159 to 0.0347kg/s-m
2
. They developed the correlation for 

Colburn Jh factor and Fr as function of the parameter of Reynold number and bed. The bed with 

the lowest value of porosity has the best thermal performance in between 53.3% to 68%.  

 

Figure 15 Configuration of discrete downward V ribs [25] 

Bhushan et al. [26] gave the Nu and Fr correlations for solar air heater duct having 

artificially roughened absorber plate. They find out an investigational study in order to analyze 

the influence of artificial roughness in a solar air heater having protrusions as roughness 

geometry Fig.16.  

 

Figure 16  Roughened geometry on absorber surface [26] 

3.3. DOUBLE PASS SOLAR AIR HEATER 

Satunanathan and Deonarine [27] presented the concept of counter flow of DPSAH. 

The air flows between absorber plate and glass cover and then get induced into the duct. It was 

found that the efficiency of two pass solar air heater is 10-15% more efficient than the single 

pass solar air heater.  



17 
 

 

Figure 17 Schematic diagram of double pass air heater [27] 

N.E. Wijeysundera et al. [28] studied the thermal performance of two-pass solar air 

heaters. He found that the procedure of a predictable solar air heater with two covers in a two 

pass mode offers an economical method of enlightening the collector effectiveness by 10-15%. 

They also developed models for two-pass flow arrangements and associated with the 

performance of a single pass design.  

 

Figure 18 Schematic diagram of double pass air heater [28] 

N. K. Bansal et al. [29] analyzed a non–porous element on the absorbing surface in 

DPSAH. From the analysis, an expression for the outlet temperature and useful heat flux has 

been obtained in terms of mass flow rate and other relevant parameter. The efficiency of air 

heater increases due to use of double glazing for small mass flow rates. 

A. A. Mohamad [30] has given the concept to diminish the heat losses from the front 

cover of the collector and to get the most out of heat extraction from the absorber using the 

porous absorber to improve the heat transfer. The thermal efficiency of the suggested collector 

exceeds 75% under normal operating conditions and flow rate of air varies from 0.002 to 0.2 

kg/(ms). 

K. Sopian et al. [31] had designed for different working situation of collector with or 

without porous media. They obtained numerous significant relations between the design and 

different working conditions. They obtained that performance about 20-70% higher than others. 
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Figure 19  The schematic of a double-pass thermal solar collector with porous media in the 

second layer [31] 

H.M. Yeh et al. [32] studied both experimentally and analytically of collector efficiency 

with fins attached on both side of absorbing plate. It shows that the collector efficiency is unity 

i.e. the optimal fraction of airflow rate r, is 0.5. The thermal performance reduces when r, as 

well as (1-r), goes away from 0.5. The collector efficiency of air heater is 70.5% at the value of 

r is 0.5. It obtained that the collector efficiency is improved by providing of fins.  

 

Figure 20 DPSAH with fins attached [32] 

Dilip and Rajeev [33] have analyzed the analytical model for an inclined multi pass 

solar air heater within built thermal storage on deep- bed dryer. The drying rate and humidity of 

the air rises with the increase in the depth of drying bed. The design parameter of collector are 

L=4m, b=1m, β= 30
0
 and mass flow rate is 2.8 x 10

-2
 kgs

-1
. 
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Figure 21 Multi pass air heater with deep bed drying system [33] 

Paisarn Naphon  [34] examined the heat transfer characteristics and the act of air heater 

by the mathematical modeling. The model is validated by comparing with the experimental 

data of K. Sopian et al. [31]. Naphon [35] also performed in the entropy generation which have 

longitudinal fins in solar air heater. He did his experiment with mass flow rate ranging between 

0.02 kg/s to 0.1 kg/s. 

 

Figure 22 Schematic diagrams of the solar air heaters without and with porous media [34] 

El-Sebai et al. [36] examined the thermal performance in double pass solar air heater. It 

is recommended to operate the system with packed bed with values of mass flow rate 0.05 kg/s 

or lower having a pressure drop across the air heater. The maximum value of solar radiation 

intensity is 878 W/m
2
. It was found that the thermohydraulic efficiency increase with 

increasing mass flow rate. While thermohydraulic efficiency with limestone or gravel as 

packed bed is higher than that without packing by about 25.6% and 28.3% respectively. 
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Figure 23 A schematic diagrams of the system and thermocouple positions [36]  

 Hikmet Esen et al. [37, 38] investigated a device for inserting an absorbing plate made 

of aluminum cans into the double pass channel in a flat plate solar air heater. Three different 

absorber plates had been designed and tested which helps to improve the efficiency. The 

highest efficiency of plate first is high than other at the mass flow rate of air is 0.05kg/s. 

A.P.Omojaro et al. [39] have investigated that use of  wire mesh as an absorber surface, 

the thermal efficiency of single and double pass solar air heaters increases when the mass flow 

rate increases from 0.012 kg/s to 0.038 kg/s. They also found that the maximum thermal 

efficiency obtained is 59.62% and 63.74% for both single pass and double pass solar air heater 

respectively for air mass flow rate of 0.038 kg/s.  

 

Figure 24 Single and double pass solar air heating [39] 
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 Rakesh and Marc [42] have investigated on a photovoltaic/thermal solar air heater and 

vertical fins in DPSAH. The effects of design, climatic and functional parameters are calculated 

on thermal, , cell temperature, outlet air temperature and electrical efficiency and total 

equivalent thermal energy. The thermal and electrical efficiency added about 15.5% and 10.5% 

respectively due to attachment of fins. 

Chii-Dong Ho et al. [44] carried out an exploration of collector efficiency of upward-

type with fins attached. They found that collector efficiencies increases with increasing mass 

flow rate and fins attached. He also found that collector efficiency is improved by 76.17% and 

81.27 % by using the recycling operation.  

 

Figure 25 Section view [44] 

 

Figure 26 Fins attached on plate [44] 

Shalaby et al. [45] investigated the thermal performance of double pass finned solar air 

heater. He did his investigation both theoretically and experimentally. The results showed that 

the v-corrugated plate solar air heater is 9.3–11.9% more efficient compared to the finned plate 
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solar air heater. Mass flow rates used were o.0125-0.0225 kg/s. So from his study it is observed 

that the double pass solar air heater is preferably a better choice than a single pass solar air 

heater and double pass is always more efficient than a single pass solar air heater. Shalaby et al. 

[46] carried out both experimentally and theoretically on v corrugated plate in double pass solar 

air heater. They obtained that the efficiency of double pass v-corrugated solar air heater is 11-

14% higher than the double pass flat plate solar air heater. During the higher efficiency mass 

flow rate is 0.02kg/s. 

 

Figure 27 Double pass finned solar air heater [46] 

          [  ]                                                                      

                                                                                           

                                                                                               

                                                                                   

                                                                                          

                                                                                            

                                              

.  

 

Figure 28 Absorber Plate 
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Prsashant and Satyender [48] investigated the analytical model to predict the thermal 

and thermohydraulic efficiencies of different design of model A and model B in double pass 

packed solar air heater under the external recycle. The recycle ratio and mass flow rate of 

model A and model B are varied from 0.1 to 1 and 0.01 to 0.025 Kg/s respectively. The 

maximum value of the thermal efficiency of model A is obtained 80.8 % which is about 13% 

higher than that of model B at mass flow rate of 0.025kg/s, the recycle ratio is of 1 and the 

channel depth ratio is of 3, respectively. 

 

Figure 29  Various heat transfer coefficients for Models [48] 
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CHAPTER 4           RATIONALE AND SCOPE OF STUDY 

 

 

2.1 INTRODUCTION  

The major application of air heater as crop drying, space heating, production plants, 

factories, workshops, warehouses, exhibition halls, offices, institutional facilities, theaters, 

gymnasiums, dryers, cleaners etc. in fact, in all places where a heating system, make-up air unit 

and ventilation system of air heater to space heating, crop drying food dehydration etc. [2, 49] . 

The aim of this study to find out the effect of discrete ribs on the absorber plate on heat transfer 

and friction factor characteristics and analyze the range of system and operating  parameter of 

artificial roughness due to the geometry of ribs. The performance of solar air heater can be 

enhanced in many ways which is given below: 

2.3. SCOPE OF STUDY 

i. Study of double pass solar air heater integrated with ribs on upper and lower side of 

absorber surface of plate is done. 

ii. Discrete ribs as roughness element on the absorber plate is better and give quality 

results as compared to continuous ribs with different geometry like wedge shape, V 

shape, W shape etc. 

iii. By taking different parameters of Double pass solar air heater from the experimental 

work, mathematical model may be developed. 

iv. With the help of experimental reading we can make the CFD modeling and also validate 

it for smooth plate and plate with ribs mounted on it. 

v. There is a lot of scope of flow visualizations over selected roughness geometry by using 

the flow visualization technique. 

vi. To investigate the theoretical humidification-dehumidification desalination system 

configured by a double pass solar air heater and also finds out the entropy generation in 

air heater system.    

vii. By increasing its efficiency to its maximum limit it can be used for industrial 

applications for crop drying, space heating etc. which reduce the cost and energy of the 

system.  
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CHAPTER 5                       OBJECTIVES OF THE STUDY 

 

 

5.1 RESEARCH GAP  

 The study of literature review, it is observed that the efficiency of solar air heater is low 

                                                                                             

                                                                                                   

                                                                                          

                                                                                              

                                                                                             

                                                                                            

                              

                                                                                  

                                                                                                 

                                                                                           

       was used in single pass solar air heater or double pass solar air heater:   

 Transverse rib 

 Transverse broken ribs 

 Inclined continuous ribs 

 Inclined rib with gap 

 V- shaped rib 

 Discrete V-shaped  rib 

 Multi V-Shaped rib 

 Transverse and inclined rib 

 Arc shaped rib 

 U- Shaped rib 

 W-shaped rib 

 Discreet W-shaped ribs 

 Z-shaped rib 
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Out of the given above different types of geometry on absorber plate that only 

transverse ribs performed in double pass solar air heater for thermal and thermohydraulic 

efficiencies by Sudhanshu [47], so we decided that the artificial roughness of discreet ribs on 

the absorber plate at different angle of attack, relative roughness height and relative roughness 

of pitch.  

5.2 OBJECTIVE OF STUDY 

1. To study of roughness geometry provided on absorber plate of solar air heater. 

2. To identification of new roughness geometry for absorber plate. 

3. Experimental investigation performance of a roughened solar air heater based on thermal 

efficiency, thermo-hydraulic efficiency, for various values of Reynolds number, for selected 

artificial roughness geometry.  

4. Investigate and study the performance of solar air heater by relative roughness height, 

relative roughness pitch and angle of attack. 
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CHAPTER 6            RESEARCH METHODOLOGY AND 

                                                     EXPERIEMENTAL SETUP  
 

 

6.1 INTRODUCTION  

Solar air heater is a renewable energy heating technology use to heat or condition air for 

building or heat process application. Solar air heater is the simplest device which is use to 

convert the solar energy into heat energy.  

In order to obtain the experimental data for the design, manufacturing and installation 

data of experimental setup for double pass solar air heater. Artificial roughness has been 

created by using ribs of wire. The ribs are attached on the absorber plate to produce different 

orientations like V shape, W shape, inclined, transverse ribs, etc.  

6.2 RESEARCH METHODOLOGY  

There are three methodologies which can be used to enhance the performance of the 

system and heat transfer characteristics which are given below: 

 Experimental  

 Theoretical  

 Computational   

Present work is concerned about the experimental research methodology and further 

categorized into the following steps 

 CAD modeling of Experimental Setup 

 Manufacturing of Experimental Setup 

 Selection of Roughness Geometry 

 Experimentation 

 Verification of ‘Dittus-Boelter’ and ‘Blasius’ equation for Smooth Plate 

 Comparison of the results of  Roughened Absorber Plate with that of  Smooth Plate 

 Thermal Performance  

 Thermohydraulic Performance 
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Flow chart of research methodology is given below: 

 

DESIGN 

MANUFACTURING 

SELECTION OF 
GEOMETRY 

EXPERIMENTATION 

VALIDIATION 

COMPARISON 

PERFORMSANCE 
ANALYSIS  
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6.3 DESCRIPTION OF EXPERIMENTAL SETUP 

Experiments are conducted with DPSAH, the schematic diagram of experimental setup 

is shown in Fig. 31 and pictorial view of complete setup is shown in Fig. 32.  

 

Figure 30 Schematic diagram of experimental setup 

 
Figure 31 Pictorial view of experimental setup 

6.3.1 Suction Air Blower and Control Valve 

A suction air blower of 3 HP, 3000 rpm and 230V three phase power supply is used in 

experimental setup for suction of atmospheric air is shown in Fig. 33 and galvanized iron pipe 

of 80 mm internal diameter and length of 1500 mm used for connecting the blower to plenum 

and duct. Two valves are provided, one at entrance and other at exit of blower for precise 

control of air flow rate. All parts are assembled and sealed with the help of gasket and sealant, 

in order to avoid air leakage. 
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Figure 32 Suction air blower and control valve 

6.3.2 Orifice Plate 

An orifice plate is placed between two pipes which connect the suction air blower and 

plenum as shown in Fig. 34. An orifice plate of 80 mm inlet pipe diameter, 4 mm thickness and 

45
o
 edge angle. The mass flow rate of orifice has been measured with the help of calibrated 

orifice plate and also pressure drop across orifice plate has been measured with the help of U-

tube manometer.     

 

Figure 33 Orifice plate assemble  
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6.3.3 Solar Simulator  

A solar simulator is use to provide constant heat flux to absorber plate through glass. 

Solar simulator is use to simulate spatial and spectral distribution of solar radiations into a focal 

plane which act as a highly concentrate solar system. The intensity of radiation is measured 

with the help of pyrometer, which is consists of six 500 W of halogen lights. Pictorial view of 

solar simulator is shown in Fig. 35. 

 

Figure 34 Solar Simulator consists of six halogen lights 

6.3.4 Solar Air Heater Duct 

CAD model and sectional view of double pass solar air heater are shown in Fig. 36 and 

Fig. 37 respectively. The dimension of duct is 2070 mm × 250 mm × 25 mm and the aspect 

ratio of duct is 10. The length of test section is 1600 mm and entry length is 400 mm. A space 

of 70 mm is left out at the end, for the movement of air towards upper duct and the duct is 

designed as per ASHARE standard [51]. The length of the entry section is given by WH5 . 

The duct is manufactured from the wooden plank of rectangular cross section which is shown 

in Fig. 38. 

 

Figure 35 Schematic 3-D view of solar air heater 
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Figure 36 Schematic sectional view of duct 

 

Figure 37 Pictorial view of solar air duct 

6.3.5 Roughened Absorber Plate 

A schematic diagram of discrete roughened absorber plate is shown in Fig. 39. A 

galvanized iron sheet has been used as an absorber plate. The size of the galvanized iron 

absorber plate is 1600 mm × 250 mm, artificial roughness has been provided on both side of the 

absorber plate in the form of discrete inclined ribs of aluminum wire of 2 mm diameter. The 

absorber plate was heated from upper side with the help of the solar simulator and thus 

subjected to uniform heat flux. There are different parameters of roughness absorber plate such 

as relative roughness height, relative roughness pitch and angle of attack. A pictorial view of 
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discrete ribs on upper side and lower side of absorber plate at different angle of attack 90°, 60° 

and 30° are shown in Fig. 40, Fig. 41 and Fig. 42 respectively. 

 
Figure 38 Schematic diagram of absorber plate 

 
Figure 39 Pictorial view of absorber plate at angle of attack 90° 

 
Figure 40 Pictorial view of absorber plate at angle of attack 60° 
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Figure 41 Pictorial view of absorber plate at angle of attack 30° 

6.4 EXPERIMENTAL PROCEDURE 

Experimental set-up runs under quasi-steady state condition for collecting heat transfer 

and friction factor data. Control valve is used to achieve the desire mass flow rate. There are 

various numbers of joints, which should be check for leakages are as follow: duct joints, inlet 

and outlet section of duct and pipe fittings. The following data were recorded: 

 The temperature of absorber plate at 12 different locations on the absorber plate and air 

temperature at inlet and outlet of test section of duct. 

 Pressure drop across the test section. 

 Pressure measurement across the orifice meter. 

6.4.1 Instrumentation and Data Reduction 

Step.1 Mean Plate and Air Temperature: In this section precision temperature of entry level, 

exit level and absorber plate are measured by using 10k-ohm NTC thermistor with the help of 

simple digital multimeter and calculated. There are twelve thermistor mounted at absorber plate 

which is shown in the Fig. 43, while extra thermistor for inlet and outlet of test section are also 

provided. The mean plate temperature ‘Tp’ is calculated by the average of temperatures 

recorded at various locations on absorber plate, formulae for the same given below 

                    
                                      

  
                   6.1 
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Figure 42 Location of temperature sensor 

 The bulk mean air temperature, ‘Tf’ is the arithmetic mean of measured values of air 

temperature at the entry and exit of the test section, formulae for the same given below 

                                                      
     

 
                                                          6.2 

Step.2 Mass Flow Rate of Air: A U-Tube manometer had been used to measure the pressure 

drop across the orifice plate and orifice plate is used to measure mass flow rate of the air; as 

                                              m=     √
      

                                6.3 

Step.3 Velocity of Air through Duct: The velocity of air is calculated from the knowledge of 

mass flow rate and area of flow i.e. the cross section area of the duct as, 

                                         
 

   
                     6.4 

Step.4 Hydraulic Diameter: The hydraulic diameter of the rectangular section of the duct is 

determined from the relationship as given below, 

                    P

A
D c

h

4


                                                                             6.5 

Step.5 Reynolds Number (Re): The Re of airflow in the duct is calculated from the following 

relationship,  

                                              

 hVD
Re

       6.6 
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Step.6 Friction Factor (f): A projection manometer having least count of 0.01 mm was used to 

measure the pressure difference across the test section. Pressure drop (ΔΡ) is used to find out 

the Fr using equation as; 

                                                   

 
24

2

LV

DP
f h




                                                                         6.7 

Step.7 Heat Transfer Coefficient (h): The heat transfer coefficient is calculated from the 

relationship given below as; 

                                                  
 

fpp

u

TTA

Q
h


          6.8 

Whereas Tp and Tf are the mean absorber plate and the fluid temperatures respectively, as 

discussed above and Heat transfer rate (Qu) to the air is given by as; 

           iOpu TTmCQ                       6.9 

Step.9 Nusselt Number (Nu): The heat transfer coefficient calculated using the above 

equation is used to determine the Nu as given below as; 

            k

hD
Nu h

                        6.10 

Step.10 Thermal Efficiency: The concentration of light ‘I’ is measured with the help of 

pyrometer. Calculation of thermal efficiency by using the following formula: 

                                                
IA

Q

p

u
th                                                                                  6.11 

The performance evaluation has been carried out for fixed values of (e/Dh) and different (p/e) 

and ‘α’.  

Step.11 Thermohydraulic efficiency: Thermohydraulic performance is the performance of the 

system that includes the consideration of thermal as well as hydraulic characteristics is given by 

as; 

                                          c

m

u

ThHyd
IA

C

P
Q 

                                                                          6.12                              

whereas fLWVPm

35.1
 
and ThTrMFC    is the conversion factor accounting for net 

conversion efficiency from thermal energy of the resource to mechanical energy. By 

calculations the value of conversion factor comes out to be 0.2. In the conversion factor C: 

ηF = Efficiency of fan or blower. 

ηM = Efficiency of the electrical motor used for driving fan. 
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ηTr = Efficiency of electrical transmission. 

ηTh = Thermal conversion efficiency of power plant. 

6.5 VALIDATION OF EXPERIMENTAL SETUP 

  To validate the experimental set-up, conventional flat plates were tested for which the 

flow and heat transfer characteristics are well known. Nu and Fr for smooth plates were 

computed and compared with Dittus-Boelter equation [52] and Modified Blasius equation [53] 

for validation. Comparison of experimental and computed value of Nu and Fr is shown by Fig. 

44 and Fig. 45 respectively. 

Dittus-Boelter equation:                4.08.0 PrRe024.02sNu                            6.13 

Modified Blasius equation:              25.0Re085.02 sf           6.14 

For implementing the Dittus–Boelter and Modified Blasius equation for DPSAH, a constant of 

magnitude 2 is multiplied to the equation. 

 

Figure 43 Nu vs Re 
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Figure 44 Fr vs Re 

A deviation of 5.2% and 3.1% is observed between experimental and computed values 

for Nusselt number and Friction factor, which validates the experimental setup. 
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CHAPTER 7                          RESULTS AND DISCUSSION 

 

 

7.1 INTRODUCTION 

To improve the heat transfer of fluid flowing in DPSAH, artificial roughness is created 

on both sides of the absorber surface. The objective of the present investigation is to improve 

the heat transfer and Fr and to improve the efficiency of DPSAH which depends upon the 

following roughness and operating parameter as given in Table. 2. 

Table 2  

S.No. Parameters Symbols Ranges 

1. Reynold number Re 6900-14000 

2. Relative roughness height e/Dh 0.044 

3. Relative roughness pitch p/e 5-20 

4. Aspect ratio W/H 10 

5. Angle of attack α 30˚-90° 

  

7.2 HEAT TRANSFER AND FRICTION FACTOR CHARACTERISTICS 

7.2.1 Nusselt Effect  

The effect of Nu verses Re, and Fr verses Re are illustrated in Fig. 46 and Fig. 47 

respectively with the discrete ribs on the both side of absorber plate having a fixed value of 

(e/Dh) of 0.044 and (   of 60˚ .The other parameters are p/e of 5 to 20 and Reynold number 

which varies from 6900 to14000. It is experimental that the Nu increases and Fr decreases with 

Reynold number due to suppression of laminar layer for fully developed turbulence layer in 

DPSAH [54]. The value of Nu and Fr are higher than smooth surface. The maximum value of 

Nu and Fr  at (p/e) of 10 and (α) of 60°.  
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Figure 45 Nu Vs Re 

 

Figure 46 Fr vs Re 

7.2.2  p/e Effect 

Fig. 48 and Fig. 49 illustrate the effect of e/Dh on Nu, and Fr for different value of 

Reynold number from 6900 to14000 respectively. The graph has been plotted to compare the 

discrete roughness element on absorber plate for different value of (p/e) of 5, 10 and 20. The 

value of (   60° and e/Dh of 0.044. The graph shows that the Nu growths up to p/e of 10 and 

then decreases .It is due to the increase in the reattachment point. Also augmentation in heat 

transfer take place which results in the decrement in reattachment point. Fig. 49 shows that Fr 
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fall down with the increase in Reynold number and the maximum Fr occur at relative   

roughness pitch of 10.     

 

Figure 47 Nu vs (p/e) 

 

 

Figure 48 Fr vs (p/e) 

7.2.2 Effect of Angle of Attack (α)  

Fig. 50 illustrate that the Nu verses Re for angle of attack (α) of 30˚, 60° and 90˚; and 

for fixed value of (e/Dh) of 0.044 and (p/e) of 10 . Fig. 51 illustrate the effect of angle of attack 

(α) at 30°, 60˚ and 90° on Nu for different value of Re. It is experiential that the Nu escalations 
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with the escalation in angle of attack because flow creates anti-rotating secondary flow [55, 

56].  

Fig. 52 illustrate that Fr deceases with Rey increases for different value of angle of 

attack (α) of 30˚, 60° and 90˚; and for fixed value of (e/Dh) of 0.044 and (p/e) of 10 .Fig. 53 

illustrate that the variation of Fr with (    for different value of Reynold number. The graph 

shows that anti rotating flow increases from 30° to 60˚ and then it starts decreasing from 60° to 

90˚. It is obtained that the maximum friction factors occur at angle of attack (α) of 60°due to 

maximum anti rotating secondary flow occur at angle of attack.  
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Figure 49 Nu Vs Re

 

Figure 50 Nu vs alpha 
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Figure 51 Fr vs Re 

 

Figure 52 Fr vs Re 
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7.2.3 Results  

The observation of from the above discussion is that the maximum Nu and Fr has been 

obtained 1.48 and 1.3 times respectively than the smooth plate at (p/e) of 10 and (   of 60°. 

7.3 THERMAL EFFICIENCY 

7.3.1 Effect of (p/e)  

Thermal efficiency of double pass solar air heater with Re is illustrated in Fig. 54 for 

fixed value of (e/Dh) at 0.044 and (α) at 60°. The values of (p/e) varies from 5 - 20 and range of 

Reynold number varies from 6900-14000. The graph illustrate that the maximum thermal 

efficiency is  obtained at (p/e) of 10 and it is also observed the efficiency of relative roughness 

pitch of 20 is more than p/e of 5. The efficiencies of roughened absorber plate are compared 

with the smooth plate which shows that the roughened absorber surface increases the efficiency 

of air heater due to the separation of flow. 

7.3.2 Effect of „α‟ 

Thermal efficiency of DPSAH with the Reynolds number is illustrated in Fig. 55 for a 

fixed value of (e/Dh) at 0.044 and (p/e) at 10.The ‘α’ varies from 30° to 90° and range of Re is 

from 6900-14000. It has been observed that with the increase in‘α’, the thermal efficiency also 

increases up to ‘α’ of 60° after that it starts decreasing from 60° to 90°.This is due to the 

formation of anti-rotating secondary flow along the full length of the test section which causes 

length wise variation in heat transfer coefficient [55, 56]. The maximum thermal efficiency is 

obtained at ‘α’ of 60°. After that the anti-rotating secondary flow starts decreasing and due to 

this efficiency decreases which lowers the thermal efficiency for an angle of 90° than 60
o
. 

Moreover the efficiency of 90° is higher than that of 30° because anti-rotating secondary flow 

is more prominent at the later section of the angle.  
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Figure 53 Thermal Efficiency vs Re 

 
Figure 54 Thermal Efficiency vs Re 
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7.3.3 Results  

The observation of Fig. 54 and Fig. 55 shows that the maximum thermal efficiency of 

double pass solar air heater at (p/e) of 10 and ‘α’ of 60° is 89.25% and enhancement of thermal 

efficiency of roughened absorber plate is 23.71% higher than the smooth plate. 

7.4 THERMOHYDRAULIC EFFICIENCY 

The thermohydraulic performance in terms of an effective efficiency of the solar energy 

collection system is determined on the basis of actual thermal gain, to generate power needed 

for pumping air through the collection system. The effective efficiency of roughened as well as 

smooth absorber plate solar air heater has been computed on the basis of the method proposed 

by Cortes and Piacentini [57]. 

7.4.1 Effect of „p/e‟ 

Thermohydraulic efficiency of DPSAH with Re is shown in Fig. 56 for fixed value of 

(e/Dh) at 0.044 and ‘α’ at 60°.  

 

Figure 55 Thermohydraulic Efficiency vs Re 

7.4.2 Effect of Angle of Attack (α) 

Thermohydraulic efficiency of DPSAH with the Re is illustrated in Fig. 57 for fixed 

value of (e/Dh) at 0.044 and (p/e) at 10.The ‘α’varies from 30° to 90° and range of Reynold 

number varies from 6900-14000. It has been experiential that with the increase in ‘α’, the 
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thermohydraulic efficiency also increases up to the ‘α’ of 60° after that it starts decreasing or 

near to equivalent from 60° to 90°. 

 

Figure 56 Thermohydraulic Efficiency vs of Re 

7.4.3 Results  

The observation of Fig. 56 and Fig. 57 shows that the maximum thermohydraulic 

efficiency of double pass solar air heater at relative roughness pitch (p/e) of 10 and angle of 

attack of 60° is 86.31% and enhancement of thermohydraulic efficiency of roughness absorber 

plate is 24.2% higher than the smooth plate. 

7.5 CORRELATIONS  

The correlations have been developed for DPSAH having ribs on both sides of the 

absorber surface which results in higher heat transfer rate and Fr characteristics. The ranges of 

operating parameter are given below in the Table. 2. The functional relationship for Nu and Fr 

as ‘f’can be written as: 

 hDeepNuNu ,,Re, 
                                                                                          7.1

 hDeepff ,,Re, 
                                                                                                             7.2 

7.5.1 Correlation for Nusselt Number  

The Nu verses Re is illustrated in Fig. 58. It shows that the Nu and Re have almost 

relationship of linear. The straight line equation is represented as; 

0869.1

0 ReANu 
               7.3 
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The coefficient of A0 will in fact be a function of another influencing parameter as relative 

roughness height, angle of attack and relative roughness parameter. The value of the coefficient  

A0 = 3.1×10-3.Now taking the parameter angle of attack (α/60°) and plot the graph between 

(Nu/Re1.0869) and (α/60°) on natural log scale shown in Fig. 59. 

A regression analysis is implemented to fit a second order polynomial is expressed by;  

   2

2100869.1
60ln60ln

Re
ln  BBB

Nu









                                     7.4                                             

 

 

 
Figure 57 Plot of Nu vs Re 

 

Figure 58 Plot of ln(Nu/Re^1.0869) vs ln(α/60°) 
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This equation can be expressed as: 

     2195.0

00869.1
60ln4143.0exp60

Re
 


B

Nu
                                                                    7.5 

The value of the coefficient B0 = -5.69739. The value B0 of has been plotted against relative 

roughness pitch (p/e) is shown in Fig.60. 

 
      02195.00869.1 60ln4143.0exp60Re

B
Nu







                    7.6

 

 

Figure 59 Plot of B0 vs p/e 

From Fig. 60 the expressed equation as given below  

     
  0933.0

02195.00869.1 60ln4143.0exp60Re
epC

Nu






                                                     7.7 

The value of the coefficient C0 = 2.7×10
-3.

 

Nu correlation is obtained from the different operating parameters are given below:  

        0933.02195.00869.13 60ln4143.0exp60Re107.2 epNu 
                            7.8   

7.5.2 Correlation for Fr 

The Fr verses Re is illustrated in Fig. 61. It shows that the friction factor and Reynold 

number have almost linear relationship. The straight line equation is represented as;  
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642.0

0 Re Df
             7.9 

The value of the coefficient D0 = 0.5737.  

 

Figure 60 Plot of Fr vs Re 

Now taking the parameter (α/60°) and plot the graph between (f/Re^1.0869) and (α/60°) on 

natural log scale shown in Fig. 62 and equation express as given below  

   2

210642.0
60ln60ln

Re
ln  EEE

f











                                                                      7.10 

This equation can be expressed as: 

     20128.0

0642.0
60ln3257.0exp60

Re
 




E

f
                                          7.11 

The value of the coefficient E0 = -5.69739. 

Now considering the parameter (p/e), the value E0 of has been plotted against (p/e) is shown in 

Fig. 63. 

  

 

Figure 61 Plot of ln (Fr/Re^(-0.642)) vs ln (α/60°) 
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Figure 62 Plot E0 vs p/e 

      020128.0642.0 60ln3257.0exp60Re
E

Nu



 

                  7.12

 

The equation expressed as given below:  

     
  4813.7

020128.0642.0 60ln3257.0exp60Re
epF

Nu



 

                                                 7.13 

The value of the coefficient C0 = 2.7×10
-3.

 

The correlations Fr is given below as;  

        309.020128.0642.0 60ln3257.0exp60Re4813.7
  epf                              7.14 

7.5.3 Results 

The evaluation of the experimental and computed values of the Nu and Fr are given in 

Fig. 64 and Fig. 65 respectively. Fig. 64 shows the deviation of ±10.53% between the 

experimental and computed values of the Nusselt number which is in a fair acceptable limit. 

Fig. 65 shows the deviation of ±9.67% between the experimental and computed values of 

friction factor which is also in good acceptable limit. 

 

 

Figure 63 Computed and experimental values of Nusselt Number 
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Figure 64 Computed and experimental values of Friction Factor 
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CHAPTER 8          CONCLUSION AND FUTURE SCOPE  

 

 

An experimental investigation has been performed in DPSAH which having roughened 

element on both sides of the absorber plate. The effect of p/e, e/Dh and angle of attack (   on 

the Nu and Fr have been analyzed to increase the enactment of DPSAH. The major conclusions 

and future scope are highlighted below: 

8.1 CONCLUSIONS  

The maximum heat transfer and Fr attains maximum value at (p/e) of 10 and (α) of 60° 

for the fixed value of (e/Dh) of 0.044. The enhancements of the Nu and Fr have been obtained 

1.48 & 1.3 times respectively against the smooth plate. The correlations for the Nu and Fr have 

been derivative as a function of Re, p/e and (  . The maximum deviation of investigational 

value and computed value of Nu from the correlation is found to be ±10.53%. Also maximum 

deviation of experimental value and computed value of Fr from the correlation is found to be 

±9.67%.The maximum values of thermal and thermohydraulic efficiency occur at (p/e) of 10 

and (α) of 60° at (e/Dh) of 0.044 is constant. 

 

8.2 FUTURE SCOPE 

The major applications of DPSAH are establish to be in space heating, gymnasiums, 

dryers, food dehydration etc. This DPSAH is better than the SPSAH in context that it is having 

better efficiency than the later one. Also we can simulate the experimental results in CFD and 

mathematical modeling so to get the better results and to use it in best possible way. 
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