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1. Introduction    

The most of the solar energy is absorbed by moving planets, their satellites and their 
surrounding environment viz., planet surface, planet atmosphere, forests, farms, rivers, 
ponds, lakes & seas, living beings and civil structures (e.g. buildings, green houses, thermal 
power plants, collectors, panels, roads, bridges, ports, canals). The life and its activities are 
reliant upon the sun’s radiant energy which apart from the earth is also stocked up by green 
plants. In addition to the primary role of light in living economy, a continual environment of 
mixed radiations from various sources of radiations produce other effects, reactions and 
adaptations, which have susceptibility to influence the life activities of the living organisms 
living in a continual environment. The solar radiation is passed through the earth’s 
atmosphere and while passing, the solar radiation is reflected, scattered, and absorbed by 
gas molecules, ozone, water vapour, clouds and dust. The length of atmospheric path travel 
by sun rays is determined by the air mass m, the ratio of the mass of atmosphere in the 
actual earth-sun path to the mass which would exist if the sun were directly overhead at sea 
level (m=1.0).    
The sunlight is the major source of radiations on the earth. The spectrum of sunlight 
includes ultraviolet radiation, visible light, infrared rays and radio waves. The x-rays are 
generated by solar flares and their ionization due to absorption occurs high in the earth’s 
atmosphere. X-rays also reach the earth’s atmosphere from various celestial sources. About 
60 per cent of the energy of sunlight is in the invisible infrared region’s indefinite limit in 
radiation spectrum of sunlight. The sunlight radiations of shorter wavelengths are absorbed 
in the earth’s atmosphere before such radiations reach the surface of earth. The ozone layer 
is formed high above the atmosphere through absorption of ultraviolet radiation by oxygen. 
The reversible reaction, again turn the ozone to absorbs longer ultraviolet rays, re-forming 
oxygen. The radioactive emanations consist of three components: i) gamma rays, which are 
penetrating radiations of very short wavelength but otherwise like x-rays; ii) alpha particles, 

www.intechopen.com



 Solar Collectors and Panels, Theory and Applications 

 

112 

positively charged helium nuclei; and iii) beta particles, rapidly moving electrons. The 
artificial radioactive elements are formed by bombardment with high energy particles such 
as helium nuclei. The most of the radiation in ultraviolet region of radiation spectrum is 
absorbed by the ozone in the upper atmosphere, whilst part of the radiation in the 
shortwave region of the radiation spectrum is scattered by air molecules, for communication 
of blue colour appearance of sky to our eyes. The strength of the absorption of solar energy 
varies with wavelength and absorption bands are formed at regions of strong absorption. 
The important atmospheric gases forming part of absorption bands are ozone (O3), water 
vapour (H2O), carbon dioxide (CO2), oxygen (O2), methane (CH4), chlorofluorocarbons 
(CFC) and nitrogen dioxide (NO2).  
The scope of the chapter is to present detailed theoretical aspects of solar energy absorbers, 
their radiation properties, radiation sources, diffraction and measurement of radiation 
sources. The importance of selection of roughness factors based on fluid flow is pointed out. 
The human environmental health is presented for metabolism of your body to intense solar 
radiation and heat. Mathematical analysis of a solar thermosyphon and experimental results 
for applications of solar collectors to the environment, human health and buildings are 
elaborated later in the chapter.   

2. Theory 

The rate of electromagnetic radiation emitted at a rate Ex from the surface of a solar energy 
absorber is given by the Stefan-Boltzmann equation as follows:  

 Ex= εǔT4 (1) 

Where, Ex is exitance of a solar energy absorber, T is temperature in K, ǔ is Stefan-Boltzmann 
constant, 5.67 x 108 W/(m2.K4) and ε is hemispherical emittance for a surface of solar  energy 
absorber. The theoretical maximum value of hemispherical emittance possible from the 
surface of a solar energy absorber is 1.0. The radiation emitted from the surface of a solar 
energy absorber for ε=1.0, at normal emittance is called blackbody radiation. 
Measurement of Radiation: The intensity of all radiation is measured in terms of amounts of 

energy per unit time per unit area. When radiation is measured in terms of its heating 

power, it is only necessary to absorb all the incident radiation on a black surface and convert 

the radiation to heat which may be taken up in water and measured by a thermometer as in 

heliometers used for measuring the energy of sunlight. The small amount of radiation is 

measured by placement of thermocouples in water or on the black receiving surface.  

2.1 Radiation properties 

Source and Sink: A line normal to the plane, from which energy is imagined to flow 

uniformly in all directions at right angles to it, is a source. It appears as a point in the 

customary two-dimensional energy flow diagram. The total energy flow per unit time and 

unit length of line is called the strength of the source. As the flow is in radial lines from the 

source, the current of energy flow is at a distance r from the source, which is determined by 

the strength divided by the energy flow area.  

The radiation of the sun, direct rays from the sun and diffuse rays from the sky, clouds, and 
surrounding objects incident on a transparent surface of a solar energy absorber is partly 
transmitted and partly reflected. In addition to this some part of the radiation is absorbed by 
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the selective coating on the surface of a solar energy absorber. The part of the incident flux 
that is reflected is called the reflectance ǒ, the part absorbed is called the absorptance α, and 
the part transmitted is called the transmittance Ǖ. The sum of reflectance, absorptance and 
transmittance is unity, or 

 ǒ + α + Ǖ = 1 (2) 

The radiation incident on the surface of a solar energy absorber has non-constant 
distributions over the directions of incidence and over the wavelength (or frequency) scale. 
The radiation properties transmittance, reflectance and absorptance are properties of a 
specific thickness for a sample of selective material of a solar energy absorber. The emittance 
ε of the surface of a solar energy absorber is the ratio of the emission of thermal radiant flux 
from a surface to the flux that would be emitted by a blackbody emitter at the same 
temperature. The angular dependence for radiation properties is explained through a solid 
angle formed by all rays joining a point to a closed curve.  For a sphere of radius R, the solid 
angle is the ratio of the projected area A on the sphere to the square of length R. A sphere 
has a solid angle of 4 Ǒ steradians. The solar radiation incident on a point at a surface of a 
solar energy absorber comes from many directions in a conical solid angle. For a cone of half 
angle θ, the solid angle defined by the circular top and point bottom of that cone is given by 

 Ω = 2 Ǒ (1-cos θ) (3) 

In measurement of the transmittance or reflectance, a sample is illuminated over a specified 
solid angle. The flux is then collected for a given solid angle to measure reflectance or 
transmittance. A conical solid angle is bound by right circular cone. The source of solar 
radiation is sunlight. The radiation properties of sunlight necessary for performance 
analysis of daylighting and lighting are defined as follows: 
The luminous flux is the time rate of flow of light. A receiver surface of a solar energy 
absorber receives watts of sunlight and it emits luminous flux. The measure of the rate of 
success in converting watts of sunlight to lumens is called efficacy.  
The illuminance on a surface of a solar energy absorber is the density of luminous flux 
incident on that surface. The luminous flux travels outward from a source, it ultimately 
impinges on many surfaces, where it is reflected, transmitted and absorbed.  
Luminous intensity is the force generating the luminous flux. A source of sunlight is 
described as having a luminous intensity in a particular direction. The inverse square law of 
illumination states that the illuminance on a surface perpendicular to the line from the point 
source of sunlight to the surface of a solar energy absorber varies directly with the intensity 
of the source and inversely with the square of the distance from the source of sunlight to the 
surface of a solar energy absorber.    
The luminance of a source or a sink is defined as the intensity of the source or the sink in the 
direction of an observer divided by the projected area of the source or sink as viewed by an 
observer. The luminance of the source or sink in the direction of the observer is the intensity 
in that direction divided by the projected area.  
The luminance exitance is the density of luminous flux leaving a surface of a solar energy 
absorber. The reflectance is the ratio of the luminous flux reflected from a surface to the 
luminous flux incident on that surface. The transmittance is the ratio of the luminous flux 
transmitted through a surface to that incident on the same surface.   
Quantity of Sources: Quantity of sources is luminous energy and is related to luminous flux, 
which is luminous power per unit time.  
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2.2 Radiation sources 

The sources of radiation are classified according to the type of wave of interference (Dehra, 
2007c, Dehra 2006):   
Light: The light is a visual sensation evaluated by an eye with seeing of a radiant energy in 
the wavelength band of electromagnetic radiation from approximately between 380 to 765 
nm (nm = nanometer = (109 + 1)-1 meter). The units of light are based on the physiological 
response of a standard (average) eye. The human eye does not have the same sensitivity to 
all wavelengths or colors. The solar energy spectrum in the visible region contributes in 
adding daylight as a visual sensation to the human body.  
Sound: The sound is a hearing sensation evaluated by ear due to fluid pressure energy in the 
frequency band approximately between 20 Hz and 20,000 Hz. The units of sound are based 
on the physiological response of the standard (average) ear. The human ear does not have 
the same sensitivity to the whole frequency band.   
Heat: The heat is a sensation of temperature evaluated by a radiant energy in the 
wavelength band of electromagnetic radiation from approximately between 0.1 μm to 100 
μm (μm = micrometer = (106 + 1)-1 meter). The units of heat are function of sensation of 
temperature. The sensation of temperature is a measure of hotness and coldness. Thermal 
comfort is an evaluation of comfort zone of temperature on the basis of physiological 
response of a standard (average) human body. The solar energy spectrum in the ultra violet 
radiation region contributes to sensation of discomfort of the human body. 
Electricity: The electricity is a sensation of shock evaluated by skin of an observer due to an 
electromagnetic energy stored in a conductor short-circuited by a human body either due to 
pass of direct current or an alternating current.   
Fluid: The fluid is a combined sensation of ventilation and breathing evaluated by the 
amount of fluid passed either externally or internally through a standard (average) human 
body.   
Fire: The fire is a sensation of burning caused due to combined exposure of skin to radiation 
energy and fluid acting on a standard (average) human body.  

2.3 Diffraction of radiation sources 
The diffraction of radiation sources is termed as interference of noise. The interference of 
radiation sources are based on areas of energy stored in a wave due to interference, speed of 
wave and difference of power between two intensities of wave (Dehra, 2008b).  
Noise of Sol: The noise of sol (S) is noise occurring due to difference of intensities of power 
between two solar systems. The amplitude of a solar energy wave is defined as the power 
storage per unit area per unit time. The solar power is stored in a packet of solar energy 
wave of unit cross sectional area and of length s, the speed of light.  
Noise of Therm: The noise of therm is noise due to difference of intensities of power 
between two heat power systems. The amplitude of a heat wave is defined as the power 
storage per unit area per unit time. The heat power is stored in a packet of heat wave of unit 
cross sectional area and of length s, the speed of light.  
Noise of Photons: The noise of photons is noise due to difference of intensities of power 
between two lighting systems. The amplitude of a light beam is defined as the power 
storage per unit area per unit time. The light power is stored in a packet of light beam of 
unit cross sectional area and of length s, the speed of light.  
Noise of Electrons: The noise of electrons is noise due to difference of intensities of power 
between two electrical power systems. The amplitude of an electricity wave is defined as the 
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power storage per unit area per unit time. The electrical power is stored in a packet of an 
electricity wave of unit cross sectional area and of length s, the speed of light.  
Noise of Scattering: The noise of scattering is noise due to difference of intensities of power 
between two fluid power systems. The amplitude of a fluid wave is defined as the power 
storage per unit area per unit time. The fluid power is stored in a packet of fluid energy 
wave of unit cross sectional area and of length s, the speed of fluid.  
Noise of Scattering and Lightning: The noise of scattering and lightning is a noise due to 
difference of intensities of power between two fire power systems. The amplitude of a flash 
of fire is defined as the power storage per unit area per unit time. The fire power of light is 
stored in a packet of flash of fire of unit cross sectional area and of length s, the speed of 
light. The fire power of fluid is stored in a packet of flash of fire of unit cross sectional area 
and of length s, the speed of fluid.  
Noise of Elasticity: The noise of elasticity is a noise due to difference of intensities of power 
between two sound power systems. The amplitude of a sound wave is defined as the power 
storage per unit area per unit time. The sound power is stored in a packet of sound energy 
wave of unit cross sectional area and of length s, the speed of sound.  

2.4 Measurement of interference of radiation sources 

The measurement equations for measuring interference of radiation sources are presented 
herewith (Dehra, 2008b).  
Noise of Sol: The solar power intensity I is the product of total power storage capacity for a 
packet of solar energy wave and the speed of light. The logarithm of two solar power 
intensities, I1 and I2, gives power difference for two solar power intensities. It is 
mathematically expressed as:  

Sol log I
1( ) I

2( ) 1−

 
(4) 

Where, Sol is a dimensionless logarithmic unit for noise of sol. The decisol (dS) is more 
convenient for solar power systems.  Since a decisol (dS) is 1/11th unit of a Sol, it is 
mathematically expressed by the equation: 

dS 11 log I
1( ) I

2( ) 1−

 
(5) 

Noise of Therm: The heat power intensity I is the product of total power storage capacity for 
a packet of heat energy wave and the speed of light. The packet of solar energy wave and 
heat energy wave, have same energy areas, therefore their units of noise are same as Sol.   
Noise of Photons: The light power intensity I is the product of total power storage capacity for 
a packet of light energy wave and the speed of light. The packet of solar energy wave and light 
energy wave, have same energy areas, therefore their units of noise are same as Sol. 
Noise of Electrons: The electrical power intensity I is the product of total electrical storage 
capacity for a packet of electricity wave and the speed of light. The packet of solar energy 
wave and an electricity wave, have same energy areas, therefore their units of noise are 
same as Sol. 
Noise of Scattering: The fluid power intensity I is the product of total power storage 
capacity for a packet of fluid energy wave and the speed of fluid. The logarithm of two fluid 
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power intensities, I1 and I2, gives power difference for two fluid power intensities. It is 
mathematically expressed as:  

Sip log I
1( ) I

2( ) 1−

 
(6) 

Where, Sip is a dimensionless logarithmic unit for noise of scattering. The decisip (dS) is 
more convenient for fluid power systems.  Since a decisip (dS) is 1/11th unit of a Sip, it is 
mathematically expressed by the equation: 

dS 11 log I
1( ) I

2( ) 1−

 
(7) 

The water is a standard fluid used with a specific gravity of 1.0 for determining the energy 
area for a fluid wave.  
Noise of Scattering and Lightning: The intensity, I,  of flash of fire with power of light, is the 
product of total power storage capacity for a packet of fire wave and the speed of light. The 
intensity, I, of flash of fire with power of fluid, is the product of total power storage capacity 
for a packet of fire wave and speed of fluid.   
The combined effect of scattering and lightning for a noise due to flash of fire is to 
determined by superimposition principle.  

• The packet of solar energy wave and a flash of fire with power of light, have same 
energy areas, therefore their units of noise are same as Sol. The flash of fire with power 
of light may also include power of therm.   

• The packet of fluid energy wave and a flash of fire with power of fluid, have same 
energy areas, therefore their units of noise are same as Sip. A multiplication factor of a 
specific gravity of fluid is used in determining the areas of energy for the case of fluids 
other than water.  

Noise of Elasticity: The sound power intensity I is the product of total power storage 
capacity for a packet of sound energy wave and the speed of sound. 
The logarithm of two sound power intensities, I1 and I2, gives power difference for two 
sound power intensities. It is mathematically expressed as: 

Bel log I
1( ) I

2( ) 1−

 
(8) 

Where, Bel is a dimensionless logarithmic unit for noise of elasticity. The decibel (dB) is 
more convenient for sound power systems. Since a decibel (dB) is 1/11th unit of a Bel, it is 
mathematically expressed by the equation: 

dB 11 log I
1( ) I

2( ) 1−

 
(9) 

3. The roughness factors 

The utilisation of solar energy is based on selective design of solar energy absorbers. The 
minimal flow resistance is required for critical design so that there is maximum absorptance 
of solar energy at the optimum roughness of the surface. The solar collectors and ducts used 
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for heating, ventilation and air conditioning (HVAC) and hot water have fluid resistance 
due to friction losses and dynamic losses. For fluid flow in conduits, the friction loss is 
calculated by Darcy equation: 

Δp f
f L

D h

ρ V
2

2
 

(10)

Where, Δpf is friction loss in terms of total pressure (Pa); f is friction factor, dimensionless; L 
is duct length, m; Dh is equivalent hydraulic diameter, m; V is velocity of fluid, m/s and ǒ is 
density of fluid, kg/m3. For a region of laminar flow (Reynolds number less than 2000), the 
friction factor is a function of Reynolds number only.  
For turbulent fluid flow, the friction factor depends on Reynolds number, duct surface 
roughness, and internal protuberances such as joints. The region of transitional roughness 
zone lies in between the bounding limits of hydraulically smooth behaviour and fully rough 
behaviour and for this region of transitional roughness, the friction factor  depends on both 
roughness and Reynolds number. For this transitionally rough , turbulent zone the friction 
factor, f is calculated by Colebrook’s equation. Colebrook’s transition curve merges 
asymptotically into the curves representing laminar and completely turbulent flow. 

1

f
2− log

ε

3.7 D h

2.51

Re f
+⎛

⎜
⎝

⎞
⎟
⎠ 

(11)

Where, ε is absolute roughness factor (in mm) for material of a solar energy absorber and Re 
is Reynolds number.  Reynolds number is calculated by using the following equation: 

Re
D h V⋅

υ  

(12)

Where, ǖ is kinematic viscosity, m2/s. For standard air, Reynolds number is calculated by: 

Re 0.0664D h V
 

(13)

The roughness factors, ε are listed in Table 1.  

4. Human environmental health  

Your body acts as a solar energy absorber, which enable your senses for interpretation of 
our surrounding environment. Your body when exposed to solar radiation releases heat by 
radiation and conduction. The amount of heat you loose is a function of the difference in 
temperature between the surface of your body and the environment. The greater is the 
difference in temperature, the greater the heat loss would be. The heat would be released 
from your body, if the surface temperature of your body is higher than that of the 
environment. If due to excessive solar radiation, the environmental temperature rises above 
your body temperature, you will gain heat from the environment. 
Another important method of loosing heat is through evaporation. After swimming, when 
you come out of the water, there is evaporation of water from your skin and you feel cool. 
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Duct Material 
Roughness 
Category 

Absolute 
Roughness, ε, mm 

Uncoated carbon steel, clean (0.05 mm) 
PVC plastic pipe (0.01 to 0.05 mm) 
Aluminium (0.04 to 0.06 mm) 

Smooth 0.03 

Galvanized steel, longitudinal seams, 1200 mm 
joints (0.05 to 0.10 mm) 
Galvanised steel, continuously rolled, spiral 
seams, 3000 mm joints (0.06 to 0.12 mm) 
Galvanised steel, spiral seam with 1, 2 and 3 ribs, 
3600 mm joints (0.09 to 0.12 mm) 

Medium 
smooth 

0.09 

Galvanised steel, longitudinal seams, 760 mm 
joints (0.15 mm) 

Average 0.15 

Fibrous glass duct, rigid 
Fibrous glass duct liner, air side with facing 
material (1.5 mm) 

Medium rough 0.9 

Fibrous glass duct liner, air side spray coated (4.5 
mm) 
Flexible duct, metallic (1.2 to 2.1 mm when fully 
extended) 
Flexible duct, all types of fabric and wire (1.0 to 4.6 
mm when fully extended) 
Concrete (1.3 to 3 mm) 

Rough 3.0 

Table 1. Roughness factors for some common duct materials.  

The water molecules on your body surface must have minimum amount of energy for 

evaporation. The faster moving water molecules can overcome the forces holding them in 

the liquid state and bound off into the air as water vapour molecules. The slower and 

therefore cooler molecules are left behind. Heat then flows from the warmer surface of your 

skin to the cooler water molecules. This flow of heat transfers energy to the water, speeding 

the water molecules up so that more of them escape. This cooling of your skin surface also 

cools any blood which tends to flow through that part of your body. Sweating is a noticeable 

way to lose heat by evaporation. During the process of sweating, water continuously 

evaporates from your skin. There is also a small loss of water from the surface of the lungs 

when you breathe. The amount of water that evaporates, when you breathe or sweat, 

depends on the humidity of the air. When the humidity of the surrounding air is high, water 

evaporates much more slowly and therefore contributes less to the cooling process.  

4.1 Effects of intense heat 

Your presence in a room with high air temperature, radiation and conduction do not work 
in your favour for loss of body heat. Instead of loosing heat from the surface of your body to 
the surroundings, you gain heat. You can survive, but now sweating is the only mechanism 
you have for losing heat. The normal response of your body is intense heat strains of the 
circulatory system. This follows because the hypothalamus responds to the increased heat 
by causing the blood vessels in your skin to expand. This leads to a decreased resistance to 
blood flow and your blood pressure tends to fall. Reflexes which prevent large changes in 
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blood pressure then begin to operate and the decreased resistance to blood flow is 
compensated for by the heart working harder. The expanded blood vessels make it possible 
for large amounts of blood to pool in the vessels of your skin at the expense of other organs. 
If as a result, the blood supply to your brain becomes sufficiently low, you will faint.  
Sweating may also create a circulatory problem because of the salt and water loss. Excessive 
fluid loss causes a decreased plasma volume. This may slow down the output of blood from 
the heart, which could lead to decreased blood flow to the skin, which in turn could reduce 
sweating. If this happened, your main avenue for heat loss would be closed. In that event 
heat production would continue and your body temperature would rise until your whole 
system is collapsed. The body’s ability to control heat loss is limited. When heat can not be 
lost rapidly enough to prevent a rise in body temperature, a vicious circle may occur. When 
heat regulation fails, the positive feedback loop (Heat production – metabolism – 
temperature control) goes into operation; if unchecked it ends in heat stroke and death.  
In order to support the case of heat loss from your body, a mathematical analysis of a solar 
thermosyphon is illustrated. This is followed by presenting some experiments conducted on 
photovoltaic duct wall. Your body follows the thermosyphon principle for loss of heat. The 
example of photovoltaic duct wall illustrates the production of heat, metabolism for heat 
production rate and temperature control in your body.  

5. Mathematical analysis of a solar thermosyphon 

The mathematical analysis has been performed for steady heat conduction and heat 
transport analysis of a solar thermosyphon (Dehra, 2007d). The analysis has been conducted 
on system geometry of a solar thermosyphon with discretisation of its total covered volume 
into surface and air nodes located by formulation of the control volumes. As illustrated in 
Fig. 1, thermosyphon is placed along the y-axis with y = 0 near the bottom end of the system 
boundary and y = H near the top end of the system boundary. The solar thermosyphon is 
rectangular in cross-section with width W in z-direction and air-gap length, L in x-direction. 
The thermal conductivities of outer wall and inner wall are assumed to be constant along 
their dimensions-L, W and H. The inner wall is well-insulated with thermal conductance ui. 
The outer wall is of good thermal conductance (uo) for conducting heat flux of solar 
irradiation. The heat transfer between building space and well-insulated inner wall is nil. 
The heat transfer between side walls of length L, and height H and surrounding zone is nil. 
The air passage of thermosyphon system is connected with the building space through a 
damper operating system. The physical domain of the thermosyphon is analysed as a 
parallel-plate channel. The climatic and thermal design data has been kept constant in the 
steady heat flow analysis of a solar thermosyphon. Single climatic variable of ambient air 
temperature, solar irradiation and building zone air temperatures are known constants in 
the analysis. The unique characteristics of the improved numerical solution method are: i) 
inclusion of conduction heat flow along height of outer and inner walls of thermosyphon; 
and (ii) inclusion of radiation exchange calculations using radiosity-irradiation method by 
assuming enclosure between outer and inner walls of thermosyphon. The resultant affect of 
conjugate heat exchange and heat transport on temperature distribution in thermosyphon 
has improved the accuracy of the numerical method over analytical method.  
The key assumptions and initial conditions used in mathematical analysis are: (i) outer wall 
is thin, light weight and good conductor of heat; (ii) the net solar heat flux, qo on the outer 
wall is quasi steady-state and distributed uniformly over the surface; (iii) inner wall is light 
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weight and good insulator for heat; (iv) temperature variation only along y-ordinate, being 
taken as lumped in x and z-coordinates; (v) heat conduction (diffusion) equation term with 
negligible value for air is not included in the energy balance; (vi) heat transfer between the 
side walls/inner wall of the thermosyphon and the surrounding environment is negligible; 
(vii) temperatures of ambient air (Ta) and single building air zone (Ts) are specified. As 
illustrated in Fig. 2, nodal or lattice points are created in the rectangular mesh at which 
temperatures are to be approximated. The nodal points are created after dividing the 
thermosyphon system into control volumes. The distance between control volume nodes on 
x-y plane is ∆xo=(to+L)/2, ∆xi=(ti+L)/2 for outer wall and inner wall in x-ordinate and ∆y in 
y-ordinate. The control volumes are lumped sub system, in which temperature represented 
at the node represent the average temperature of the volume. The computational grid is 
developed by drawing five vertical construction lines at distance x = 0, to, (to + L/2), (to + L), 
and (to + ti + L) apart and ten horizontal construction lines at ∆y distance apart starting from 
y=∆y/2. Nodes are located at all the intersections of the construction lines. The control 
volumes are formed by drawing horizontal and vertical lines that exist midway between 
adjoining construction lines. The control volumes formulated are solid up to width of the 
outer or the inner wall and continued with made up of air of width (L/2). Surface nodes are 
located midway and air nodes are located on the edges of the control volume. Air-nodes are 
common to the two adjoining solid-air and air-solid control volumes.  
 

Outlet Damper

Building Air Zone

Inner Wall 

(Insulated)

Ambient Air Zone

Y-axis

System Boundary

X-axis
Inlet Damper

Outer Wall

(Aluminium)

Air Passage
S

L

H

ti

to

Outer wall

Air Nodes

Inner wall

X-axis

Y-axis

tito

Vertical Grid Lines

Horizontal Grid Lines

Half Solid-Air 

Control Volume

Solid-Air Control 

Volume

L

Surface Nodes

dy

Air  
 

Fig. 1. Schematic of a solar thermosyphon 
integrated to building air zone 

Fig. 2. Discretisation of a solar 
thermosyphon into control volumes, cell 
faces and nodes 

5.1 Initial Boundary Value Problem (IBVP) 

Initial boundary value problem is formulated as per initial conditions and boundary 

conditions. For the outer wall with uniform heat flux, heat conduction equation is written 

with boundary conditions as (Dehra 2007d): 

2
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∂

∂
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+ 0 in 0 x< to< 0 y< H<

 
(14)
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For the inner wall with insulation, heat conduction equation with boundary conditions is: 
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Heat transport equation for air with its boundary value as: 
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In Eq. 21, k varies from 0 to (n-1), where n is number of nodes in y-ordinate. θ(y) =θ is 
constant within the control volume at steady flow conditions, defined by following expression: 

θ
v ρ L c p

h c W
 

(22)

5.2 Semi-analytical method  

The partial differential equations are solved by applying initial conditions and lumped 
parameter assumption to get the analytical solution. The temperatures of outer wall, inner 
wall and air are obtained as: 
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(25)

Where, ∆y=H/n is discretisation height of the control volume. Equation (6) is applicable 
with in the control volume and it predicts particular solution for each ∆y from the values of 
Tf(k) at previous air node. The exponential solution of Equation (6) is semi-analytical in 
nature because of its applicability for the nodes with in the physical domain of Fig. 1(b). 
The numerical solutions are obtained by creation of additional heat exchange paths in the 
computational grid. The additional heat exchange paths are created by incorporating 
conduction heat flow along height of walls of thermosyphon and integrated radiation heat 
exchange between composite surface nodes of outer and inner walls of thermosyphon 
(Dehra, 2004). The numerical analysis involves (i) construction of nodal networks; (ii) energy 
balance on the surface nodes located at solid-air edges of the walls; (iii) energy balance on 
control volume for air passage; and (iv) computer solution of system of algebraic equations. 
The energy balance equations for the N nodes involves formulation of (UN,N)-matrix with 
conductance terms and heat source elements (Q1,N). Conductance terms describe entropy 
flux over the discretised area (in W/K units) at the node. Inverse of U-matrix is multiplied 
with heat source matrix to give temperature solution of the thermal network. In writing 
nodal equations in matrix form, sign notation is adopted for automatic formulation of U-
matrix with unknown temperatures and heat source elements. Sum of all incoming heat 
source elements and U-matrix conductance terms multiplied with temperature difference 
with respect to the unknown temperatures at other nodes are equal to zero. The energy 
balance is written in equation form for any general node (m,n) as per sign notation: 

1

N

n

U
m n, ΔTm n,×( )∑

= 1

N

n

Q
m n,∑

=

+ 0

 

(26)

Where Um,n is the conductance at node (m,n), ∆Tm,n is the difference between unknown 
temperature at the node (m,n) and unknown temperature at surrounding heat exchange 
node. QN is heat source term at the node (m,n). The detail of numerical method is provided in 
(Dehra, 2004) and is omitted here by presenting its numerical solution procedure (Dehra, 2008a): 
Step 1. Thermal properties are used to initialise the numerical solution. The conductance 

values are calculated as per constitutive relations for conduction, convection, 
radiation and heat transport.  

Step 2. The corrected iterated value of the mass flow rate as depicted in Table 2 is obtained 
from the numerical solution and is used for obtaining thermal capacity conductance 
values.  

Step 3. The heat transfer coefficients are calculated using temperatures obtained from the 
analytical solution. The values of convective heat transfer coefficients obtained from 
semi-analytical solution are also used in obtaining the numerical solution. 

Step 4. The effect of integrated radiation heat exchange between surface nodes of outer and 
inner wall is considered with radiosity-irradiation method assuming enclosure 
analysis (Dehra, 2004). The radiation heat exchange factors are calculated for each 
node using script factor matrix of size (20 X 20). Using radiation heat exchange factors 
radiation conductance values are calculated, which also form matrix (20 X 20).  
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Step 5. Once conjugate heat exchange conductance values for 30 nodes are calculated, U-
matrix of size (30 X 30) is formulated. The U-matrix is formulated by obtaining off-
diagonal and diagonal entries as per constitutive relations and sign convention. The 
inverse of U-matrix (30 X 30) is multiplied with heat source element matrix (1 X 30), 
to obtain temperatures at 30 nodes (30 X 1) as per Equation (26). 
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(c) 

Fig. 3. Comparison of temperature profiles from semi-analytical and numerical solutions 
with height of solar  thermosyphon for (a) outer wall;  (b) inner wall; and (c) air 
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Figure 3 has compared the results obtained from traditional analytial model and numerical 
model. A matrix solution procedure is adopted for solving energy balance nodal equations at 
surface and air nodes. The improved numerical method has considered the effect of thermal 
storage by incorporating conduction heat flow factors in y-direction for outer and inner walls 
of thermosyphon. The heat conduction and radiation heat exchange between surface nodes 
has improved the accuracy of a traditional analytical solution for predicting buoyancy-induced 
mass flow rate through a solar thermosyphon. The conduction and convection conductance 
terms are based on discretisation height ∆y, thermal capacity conductance (mcp) is based on 
air-gap length ∆x, whilst integrated radiation conductance terms are based on both height ∆y 
and width ∆x of the grid. The constitutive relations for obtaining conductance terms for 
conductance (U’s) matrix are calculated over discretised control areas in y-z plane for 
conduction heat flow, radiation and convection heat exchange. Whilst, heat transport 
conductance terms are calculated from mass flow rate crossing the control volume in x-z plane 
assuming no leakage or infiltration sources in the thermosyphon. 

6. Photovoltaic duct wall 

In an effort to enhance overall efficiency of PV module power generation system, a novel solar 
energy utilization technique for co-generation of electric and thermal power is analyzed with a 
photovoltaic duct wall system. A full scale experimental facility for a photovoltaic duct wall 
was installed at Concordia University, Montréal, Concordia (Dehra, 2004). The photovoltaic 
duct wall was comprised of a pair of glass coated PV modules, ventilated air passage and 
polystyrene filled plywood board. In this case duct wall with air ventilation acts as cooling 
channel for PV modules by reducing surface temperature of solar cells in PV modules and 
slightly increases its efficiency for electric power generation. With air as fluid medium, 
assessment of the potential use of photovoltaic duct wall to be used as a source of co-
generation of electric and thermal power can be performed by thermal analysis of material 
properties of photovoltaic duct wall system (PV module, air and plywood board). The thermal 
analysis of a photovoltaic duct wall has been performed through experimental and numerical 
investigations. The measurement data collected from the experimental setup was for solar 
intensities, currents, voltages, air velocities and temperatures of air and composite surfaces. 
The measured temperatures were obtained as a function of height of photovoltaic duct wall. 
The heat transfer rate from a photovoltaic duct wall is a measure of heat storage and thermal 
storage capacities of its various components. The steady state heat transfer rate has been 
predicted by performing two dimensional energy and mass balances on discretised section of 
photovoltaic duct wall, to get solutions of one dimensional heat conduction and heat transport 
equations. The assumptions of steady state heat transfer and lumped heat capacity are 
validated by comparing heat losses along all major dimensions. The non-consideration of 
transient analysis has been justified by comparing thermal losses along all major dimensions. 

6.1 Experimental setup 

The photovoltaic duct wall was installed on south facing façade of prefabricated outdoor 
room. The outdoor room was setup at Concordia University, Montréal, Québec, Concordia 
for conducting practical investigations (Dehra 2004, Dehra 2007a, Dehra 2009). The 
photovoltaic duct wall was vertically inclined at 10° East of South on the horizontal plane. 
The test section of photovoltaic duct wall was assembled in components with two 
commercially available PV modules, air passage with air-gap width of 90 mm, plywood board 
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filled with polystyrene as insulation panel, side walls made up of Plexiglas and all parts 
connected with wooden frames. The photovoltaic duct wall section was constructed with two 
glass coated PV modules each of dimensions: (989 mm X 453 mm). The PV modules were 
having glass coating of 3 mm attached on their exterior and interior sides. The plywood board 
was assembled with 7 mm thick plywood board enclosure filled with 26 mm polystyrene. The 
overall thickness of plywood board with polystyrene was 40 mm. The exterior dampers were 
made of wood covered with an aluminium sheet. The heating, ventilating and air-conditioning 
(HVAC) requirements were met in the outdoor room by a baseboard heater, an induced-draft 
type exhaust fan and a split window air conditioner (Dehra, 2004). The heating was 
supplemented by conditioning from the fresh air entering from the inlet damper through 
photovoltaic duct wall. However, during the mild season of autumn for the duration of 
conducting experimental runs, neither baseboard heater was used nor air-conditioning unit 
was used for auxiliary heating or cooling inside the pre-fabricated outdoor room.  
 

Air Inlet

Air Outlet

Air Velocity 
Sensor

Damper D1
(Open)

Damper D3
(Closed)

Damper D2 (Open)

PV Module 2

Insulation Panel

PV Module 1

Thermocouples

 

Fig. 4. Schematic of the Experimental Setup 

The pair of PV modules used for conducting experimental investigations was connected in 
series for generation of electric power with a rheostat of maximum varying resistance up to 50 
Ω. T-type thermocouples were used for obtaining thermal measurements from the test section 
of photovoltaic module. As is illustrated in Fig. 4, three thermocouple sensors were placed at 
the top, middle and bottom locations in the PV module, air-passage and insulation panel of 
plywood board filled with polystyrene were used to measure local temperatures. Two 
thermocouples were used to measure the inside test room air temperature and ambient air 
temperature. The hybrid air ventilation created for the PV module test section was by natural 
wind, or through buoyancy effect in the absence of wind (Dehra, 2004). The fan pressure was 
used to achieve higher air velocities by operation of the exhaust fan fixed on opposite wall 
with respect to wall of the test section (Dehra, 2004). The slight negative pressure was induced 
for drawing low air velocities in absence of wind-induced pressure from the inlet damper into 
the test section through the test room (Dehra, 2004). Air velocity sensor was placed 
perpendicular to the walls of the PV module test section to record axial air velocities near its 
outlet. The thermocouple outputs, currents, voltages, solar irradiation and air velocity signals 
were connected to a data logger and a computer for data storage. The measurements collected 
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from the sensors were recorded as a function of air velocities or mass flow rate from the test 
section with use of fan pressure. The experimental data from the data acquisition system was 
collected and stored every two minutes in the computer (Dehra, 2004). 

6.2 Temperature plots 

The measurements collected from the sensors were recorded as a function of air velocities 
through the PV module test section (Dehra, 2004): (i) Hybrid ventilation without use of fan 
pressure; and (ii) Hybrid ventilation with use of fan pressure. The temperature measurements 
were obtained from the PV module test section as a function of air velocities. The temperatures 
were obtained for glass coated PV module, air passage and insulating panel in the wooden 
frame. The set of sample measurements obtained from outdoor experiments is presented in 
Table 2. The temperature plots for PV module, insulating panel and air for different hybrid 
ventilation conditions are illustrated in Figs. 5 and 6. The temperature plots are obtained 
against the height of PV module test section for the data provided in Tables 2 to 4. The 
variation of mean temperatures of PV module, insulating panel and air with approximately 
steady solar noon irradiation with varying mass flow rates for the case of fan-induced hybrid 
ventilation and buoyancy-induced hybrid ventilation are plotted in Figs. 7 to 9.  
 

 
Run No. 

S 
(W m-2) 

Ep 
(W) 

To 
(° C) 

Ts 
(° C) 

V 
(m s-1) 

Fan-induced hybrid ventilation 
1 716.1 30.7 15.2 22.4 0.68 
2 716.1 30.7 13.4 22.4 0.53 

Buoyancy-induced hybrid ventilation 
3 697.5 28.9 13.2 25.1 0.13 
4 697.5 28.8 13.3 24.9 0.17 

Run No. 
Tp(b)
(° C) 

Tp(m)
(° C) 

Tp(t)
(° C)

Tb(b)
(° C) 

Tb(m)
(° C) 

Tb(t)
(° C)

Ta(b)
(° C) 

Ta(m) 
(° C) 

Ta(t) 
(° C) 

Fan-induced hybrid ventilation 
1 35.4 33.8 36.8 20.6 24.7 29.1 18.8 21.7 19.4 
2 35.9 34.6 37.9 20.9 25.0 29.5 19.3 22.5 19.9 

Buoyancy-induced hybrid ventilation 
3 40.8 44.9 46.8 27.9 34.8 38.0 21.3 29.5 29.8 
4 39.9 45.0 46.8 28.4 35.0 38.3 21.7 28.3 29.8 

Distance as per locations 
shown in Fig.  4 

Tp(b) 
(° C) 

Tp(m) 
(° C) 

Tp(t) 
(° C) 

Tb(b)
(° C) 

Tb(m) 
(° C) 

y (cm) 15 55 94 15 55 
z  (cm) 60 60 60 60 60 
x (mm) 6.2 6.2 6.2 96.2 96.2 

Distance as per locations 
shown in Fig.  4 

Tb(t) 
(° C) 

Ta(b) 
(° C) 

Ta(m) 
(° C) 

Ta(t) 
(° C) 

Air velocity 
sensor 

y (cm) 94 15 55 94 99 
z  (cm) 60 60 60 60 60 
x (mm) 96.2 51.2 51.2 51.2 51.2 

Note: x is horizontal; y is vertical; z is adjacent 3rd axis of x-y plane 

Table 2. Outdoor measurements obtained from the experimental setup 
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Fan-induced hybrid ventilation
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Fig. 5.(a) Temperature plot of PV module for fan-induced hybrid ventilation with height of 
PV module test section 
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Fig. 5.(b)  Temperature plot of insulating panel for fan-induced hybrid ventilation with 
height of PV module test section 
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Fig. 5.(c) Temperature plot of air for fan-induced hybrid ventilation with height of PV 
module test section 
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Buoyancy-induced hybrid ventilation
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Fig. 6.(a) Temperature plot of PV module for buoyancy-induced hybrid ventilation with 
height of PV module test section 
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Fig. 6.(b) Temperature plot of insulating panel for buoyancy-induced hybrid ventilation with 
height of PV module test section 

Buoyancy-induced hybrid air ventilation
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Fig. 6.(c) Temperature plot of air for buoyancy-induced hybrid ventilation with height of PV 
module test section 
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Fig. 7. Variation of mean temperatures of PV module, air and insulating panel with solar 
irradiation under fan-induced hybrid ventilation 
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Fig. 8.(a) Variation of mean temperatures of PV module, air and insulating panel with solar 
irradiation under buoyancy-induced hybrid ventilation 
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Fig. 8.(b) Temperature difference for PV module, insulating panel and air with height of PV 
module test section for under fan-induced hybrid ventilation 
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Fig. 9. Temperature difference for PV module, insulating panel and air with height of PV 
module test section under buoyancy-induced hybrid ventilation 

6.3 Sensible heat storage capacity 

The glass coated PV module test section with wooden frame was composed of non-
homogeneous materials having different densities, specific heats and thicknesses (2007 a). 
The pair of glass coated PV module was having three layers of material viz., a flat sheet of 
solar cells, with glass face sheets on its exterior and interior sides. The surface temperature 
of PV module was assumed to be uniformly distributed in the three layers. The heat 
capacity of the wooden frame and sealing material was having negligible effect on the 
temperature of PV module, air or insulating panel because wood was used as construction 
material and moreover the magnitude of the heat capacity of wood framing material was 
not proportional to the face area of glass coated PV modules.  Table 3 has presented sensible 
heat capacities of glass coating, solar cells, air and polystyrene filled plywood board. For the 
critical case of buoyancy-induced hybrid ventilation of Run no. 4 in Table 2, it was observed 
that the difference of temperatures recorded by the top and bottom sensors for PV module, 
air and insulating panel were 6.9 °C, 8.1 °C and 9.9 °C respectively. The temperature 
differences were used for obtaining sensible heat storage capacities of various components 
in y-ordinate. The heat storage capacities calculated were 59.6 kJ, 0.755 kJ and 510.7 kJ for 
 

Component 
ǒn 
(kg m-3) 

Cn 
(J Kg-1 K -1)

dn 
(m)X10-3

dnǒnCn 
(J m-2K-1) 

Hpv-T 

(J K-1) 

Glass coating 3000 500 3 4500 4171.5 
PV module 2330 677 0.2 315.48 292.45 
Glass coating 3000 500 3 4500 4171.5 
Sub-total - - - - 8635.5 
Air 1.1174 1000 90 100.56 93.22 
Plywood 550 1750 7 6737.5 6245.66 
Polystyrene 1050 1200 26 32760 30368.5 
Plywood 550 1750 7 6737.5 6245.66 
Sub-total - - - - 42953.0 
Total - - - - 51588.5 
Note: Heat capacities were calculated for face area of PV module test section of 0.927 m2. 

Table 3. Sensible Heat Storage Capacities 
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PV module, air and insulating panel respectively. The values of heat capacities predicted 
were negligible in comparison with the total daily solar irradiation on PV modules on the 
day of conducting outdoor experiments. The values were estimated by assuming the 
constant surface properties and ideal still air at the instance of collection of measurements.  
Similar value of heat storage capacity in x-ordinate was obtained by assuming same 
proportionate temperature difference along thicknesses in x-ordinate. It was found to be nil 
in comparison with the value of heat capacity obtained for y-ordinate. 

6.4 Thermal time constant 

Thermal time constant is the time required for the outlet air temperature from the PV 
module test section to attain 63.2 percent of the total difference in value attained in air 
temperature following a step change in temperature of outdoor air crossing the inlet 
opening (Dehra 2007 a). The data was selected observing a step change in the ambient air 
temperature. The selected data was in steady state before and after the time-interval during 
the unsteady state response of the outlet air temperature with the step change in ambient air 
temperature. Thermal time constant under buoyancy-induced hybrid air ventilation was 
estimated between 8-10 minutes in comparison to 2 minutes estimated under fan-induced 
hybrid air ventilation. Therefore duration of time interval for obtaining measurements from 
the data logger was selected for a minimum of two minutes to record any subtle 
temperature changes. The graphs of outdoor and outlet air temperatures were plotted 
against the time-interval of measured data for the cases of buoyancy and fan-induced hybrid 
ventilation are illustrated in Fig. 10(a) and 10(b). 
Thermal time constants of the PV module test section were function of ambient air 
temperatures and air velocities and were therefore approximately calculated under 
conditions of buoyancy-induced and fan-induced hybrid air ventilation. 

6.5 Thermal storage capacity 

Thermal storage capacities of various components of PV module test section are obtained 
from their thermal conductivities. Time constant (T=ǒdCpddd/hd) for each component is   
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Fig. 10.(a) Changes in outlet air temperature from PV module test section with a step change 
in outdoor air temperature under buoyancy-induced hybrid ventilation 
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Fig. 10.(b) Changes in outlet air temperature from PV module test section with a step change 
in outdoor air temperature under fan-induced hybrid ventilation 

calculated in units of time from their heat capacities and film coefficients (Wm-2K-1). 
Thermal storage capacity of PV module test section along its height is 15.9 KJ. Thermal 
storage capacity in x-direction is negligible in comparison with the thermal storage capacity 
in y-direction. Therefore temperature measurements were also felt necessary along the 
height of PV module system to consider pattern of heat flow and heat transport. The 
thermal storage capacities of components of PV module test section are presented in Table 4. 
 

Component 
kd 

(W m-1 K-1) 
dnǒnCn 

(J m-2K-1) 
Hd 

(Wm-2K-1) 
T 

(sec) 

PV module 0.91 9315.48 10 932 
Air 0.02624 100.56 10.0 10 
Plywood 0.0835 6737.5 10.0 674 
Polystyrene 0.02821 32760 1.0 32760 
Plywood 0.0835 6737.5 10.0 674 

Component 
ΔTV 
(K) 

ΔTH 
(K) 

QV 
(KJ) 

QH 
(J) 

PV module 6.9 0.04 5.8 0.2 
Air 8.1 0.75 0.0 0.0 
Plywood 9.9 0.40 0.55 0.16 
Polystyrene 9.9 0.40 9.0 9.6 
Plywood 9.9 0.40 0.55 0.16 
Total - - 15.9 10.12 

Table 4. Thermal Storage Capacities 
Notes to the Table 4: 
i) Equivalent thermal conductivity of glass coated PV module was calculated to be 0.91  
Wm-1 K-1; ii) temperature differences along y-direction i.e. along height of PV module test 
section (0.993 m) were obtained from Table 2 for Run No. 4 in the case of buoyancy-induced 
hybrid ventilation. 
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7. Conclusion 

Solar energy absorbers use their selective properties for utilisation of solar energy. The 
theory, analysis and methodology for selective design of solar energy absorbers is 
presented. The radiation properties, sources of radiation, diffraction and measurement of 
radiation are presented. The environmental health is discussed by presenting physiology of 
solar radiation effects on the skin surface and mechanism of entropy generation by solar 
energy absorbers. The supporting examples of solar thermosyphon and photovoltaic duct 
wall are presented. The heat and body temperature control for human environmental health 
is involved by presenting the physiology and metabolism of heat loss from the human body 
surface. The modeling and experimental results for solar thermosyphon and photovoltaic 
duct wall are elaborated for illustrating the cases of solar energy absorbers as solar collectors 
and panels. 
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