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Better models are needed for radiative heat transfer in boiler furnaces. If the process 
is known better, combustion in the furnace can be optimized to produce low 
emissions. It makes the process to be environmental friendly. Furthermore, if there is 
a better model of the furnace it can more fully explain what is happening inside the 
furnace. Using of the model one can quickly and easily analyze how it operates with 
bio fuels, moist fuels or difficult fuels and improve the operation. Models helps with 
better estimation of furnace dimensions and result in more accurate understanding of 
operation. 
   
Key component lacking in these models is radiative heat transfer in particle laden 
gases. If there are no particles than radiative heat transfer can be calculated 
approximately. There are two problems with current models when used with flow 
modeling. The first one is a need to account for a particle laden gas and the second 
one is an absence of a fast algorithm. Fast calculation is needed if radiative heat 
transfer calculation is done for a large CDF model. Computations slow down if time 
is required for calculating radiative properties over and over again. 
 
This thesis presents a band model for radiative heat transfer in boiler furnaces. 
Advantage is a quickness of calculation and account of particles in the process. 
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Kattiloiden tulipesien säteilylämmönsiirrolle tarvitaan parempia malleja. Kun 
prosessi hallitaan hyvin, tulipesän toiminta voidaan optimoida niin että syntyy vain 
vähän päästöjä. Se tekee prosessista ympäristöystävällisen. Jos on olemassa parempi 
malli uunille, pystytään paremmin selittämään mitä tapahtuu uunin sisällä. Käyttäen 
mallia, voidaan nopeasti ja helposti arivoida kuinka tulipesä toimii biopolttoaineiden, 
kosteiden ja vaikeiden polttoaineiden kanssa ja tarvittaessa parantaa toimintaa. Mallit 
auttavat paremmin arvioimaan tulipesän mittoja ja tuottavat tarkempaa tietoa 
toiminnan ymmärtämiseen. 
   
Pääpuute näissä malleista on ollut säteilevän lämmönsiirron malli hiukkasia 
sisältävässä kaasussa. Ilman hiukkasia, säteilevä lämmönsiirto voidaan laskea 
kohtuullisesti. Virtauslaskentaan nykyisillä malleilla on kaksi ongelmaa. 
Ensimmäinen on tarve ottaa huomioon kaasu joka sisältää partikkeleita ja toinen on 
nopean algoritmin puute. Nopeaa laskentaa tarvitaan jos säteilevä lämmönsiirron 
laskentaa tehdään laajalle CDF mallille. Laskenta hidastuu jos pitää käyttää aikaa, 
laskettaessa säteileviä ominaisuuksia uudelleen ja uudelleen. 
 
Tämä diplomityö esittää nauhamallin säteilevään lämmönsiirtoon tulipesissä. 
Hyötynä ovat laskennan nopeus ja prosessissa olevien partikkeleiden huomioon 
ottaminen. 
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NOMENCLATURE 

 
Roman letters 

A absorption coefficient, 
fall

A

E
EA =  

A'  coefficient, proportional to a distribution velocity of elastic waves in a 

liquid 

b constant, defined by practical consideration 

Bo Boltzmann relation 

C 
real body radiation coefficient, 0CC ×= ε  ( )⎥⎦

⎤
⎢⎣
⎡

× 42 Km
W  

C0 factor of an absolutely black body radiation, 

)(67.510 42
8

00 Km
WC

×
=×=σ  

с velocity of light, с ≈ 3·108 [m/s] 

c0 velocity of light in a vacuum ( [m/s])  102.9979 8⋅

Cp specific heat capacity of liquids at constant pressure 

cp weight of one particle in a volume unit 

cν specific heat at constant volume 

D transmission coefficient, 
fall

D

E
ED =  

d diameter [m] 

dE absorb energy 

dQc thermal flow [W] 

dx layer of the dx thickness the particles which have met on a beam way 

ЕА absorbed radiation energy 

E total radiant flux surface density [W/m2] 

E0 flux density of total radiation of absolute black body 

E0λ flux density of spectral radiation of absolute black body 
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ED radiation energy gets through the body 

Efall falling radiation energy 

Em energy of a beam on an input on the medium 

ER reflected radiation energy 

H height of overall riser 

h' Planck's constant (6.6261·10-34Js) 

hcc conductive and convective heat transfer coefficient  

he convection and conduction heat transfer coefficients in the emulsion  

hg heat transfer coefficients for conduction through the gas vacuity  

hr coefficient of radiant heat transfer 

ht total heat transfer coefficient 

I0s spectral radiant intensity of an absolutely black body at the wall 

temperature, 
π

s
s

EI 0
0 =  

I0λi spectral concentration of a radiant flux of absolutely black body, 

λλ d
dEI i

0
0 =  

Ifall spectral radiant intensity of radiant flux falling to the wall, 
π

fall
fall

E
I =  

Il spectral radiant intensity to the l direction 

Iλ(x,μ) radiative intensity 

k refracting index 

κ  mean value of the attenuation coefficient 

k' Boltzmann constant ( J/K) -23101.3805×

Ki Kirpichev relation 

Ks scattering coefficient of the emulsion layer 

Kt extinction coefficient of the emulsion layer 

l total layer thickness of the medium. 

l  average free path of gas molecules between concussions 
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l0 characteristic dimension of the weakening medium  

lef effective thickness of a radiating layer 

n  number of the particles 

n1 number of the particles in a volume unit of the medium 

q  local meaning of heat flow density at the expense of convective heat 

exchange 

qc density vectors of the heat flow at the convection 

qhc density vectors of the heat flow at the heat conduction 

qr density vectors of the heat flow at the radiation 

R coefficient of reflection, 
fall

R

E
ER =  

r attenuation medium coefficient 

Rep Reynolds number, 
g

pgg
p

dU
μ
ρ

=Re  

Rλ attenuation medium coefficient 

Rλs reflectance of the wall 

Rμ universal gas constant, = 8314.2 [J/(kilomoleK] μR

t contact time, 
pU

Lt =  

(tb-tl) thermal head [K] 

∆t temperature difference [K] 

T  temperature [K] 

T(τ) local temperature 

tb temperature of body surface [K] 

Tb temperature of bulk suspension [K] 

Tg gas temperature [K] 

tl temperature of ambient environment [K] 

Ts wall temperature [K] 

Tw temperature of outside pipe wall [K] 
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w1, w2, w2n weight coefficients 

wj coefficient of weight in the j direction 

x coordinate is substituted by the optical depth ( )gt xK δτ −=  

 

Greek letters 

α serve as form function and body measurement, regime of motion, 

velocity and temperature of liquid, physical parameters of liquid and 

others magnitude 

αλ medium absorptivity characterizing the relative change of radiant 

intensity on unit of a beam length 

γ azimuthally averaged scattering phase function  

δg gas gap thickness 

ε blackness degree 

ελs spectral blackness degree 

θ polar angle 

λ 
heat conductivity coefficient ⎥⎦

⎤
⎢⎣
⎡
mK
W  

λ0 meaning of heat transfer coefficient at temperature t0 

λi radiant intensity of a wave length 

λm maximum at certain of a wave length 

λ t ∇ factors described by heat transport with thermal conduction 

μ   molecular weight of gas 

ν oscillation of frequency 

π mathematical constant, 3.14159≈π  

ρ density of gas [kg/m3], liquid density [kg/m3] 

ρω i factors describing by heat transport with thermal convection 

ρp particle density [kg/m3] 

ρsusp suspension density [kg/m3] 



 9

σ0 Stefan – Boltzmann constant, )(1067.5 42
8

0 Km
W

×
×= −σ  

χ attenuation coefficient 

Ω spectral scattering reflective of the emulsion estimated by 
t

s

K
K

=Ω  

ω  average transfer velocity of gas molecules 

Ø an interval from the center line of a riser, 
X
x

−=1φ  

 

Abbreviations 

BFB bubbling fluidized bed boilers 

CFB circulating fluidized-bed boiler 

CFD Computational Fluid Dynamics 

CH4 methane 

CHP combined heat and power 

CO carbon monoxide 

CO2 carbon dioxide 

DEM differential emissivity method 

e equivalent or effective 

e1g1 gas medium has a selective-grey radiation in the form of the 1 strip 

e2g2 gas medium has a selective-grey radiation in the form of the 2 strip 

H2O water, water vapor 

NO nitrogen monoxide 

WM window method 

∞ infinity 
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1 INTRODUCTION 
 
Modern society requires water-supply, heat-supply, centralized system of 

illumination and many things. There is no way to conduct our life without these 

products of civilization. But improvements of housing conditions have back side – 

rise of ecological problems through generation of electricity.  

 
The greater part of search of knowledge (related to heating process) is based on the 

phenomenon of heat transfer.  Heat transfer is an exchange process of internal energy 

between single elements and areas of chosen medium. There are three basic kinds of 

heat transfer: thermal conductivity, convection and radiation.  

 
Study of the heat transfer is essential. To estimate required boiler and the heating 

surface inside furnace engineers should obtain sufficient knowledge of the heat 

transfer. It is also necessary to have a conception about the heat transfer rate 

depending on different operating, designing and economic factors. As well as, 

boiler’s partial load productivity depends on proper regional allocation of the heat 

transfer inside the furnace. (Al-Busoul M.A., 2001) 

 

A number of heat transfer researches took place in the past. The earliest study on 

heat transfer to fluidized beds were done by Mickley and Trilling (1949). They 

conducted experiments to calculate heat transfer coefficients at different gas 

velocities and particle sizes. Greater part of them has been maintained using columns 

of round cross-cell, functioned at encompassing temperature. For them convective 

and conductive heat transfer is prevalent. Merely a restricted number of experimental 

researches (Steward et al., 1995; Werdermann and Werther, 1994; Han et al., 1992; 

Basu and Konuche, 1988) and theoretic researches (Baskakov and Leckner, 1997; 

Fang et al., 1995; Glatzer and Linzer, 1995; Werdermann and Werther, 1994; Basu, 

1990; Chen et al., 1988; Basu and Nag, 1987) have been made for the circulating 

fluidized bed boilers (CFBs) enclosing radiation heat transfer. These researches 
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demonstrate that fractions to the radiating heat transfer factors lie in the interval of 

50 – 100 W/m2K with the assumptions of CFB performances, both for laboratory and 

industrial scale units. 

 
There are two types of measuring methods for radiative heat transfer: differential 

emissivity method (DEM) and window method (WM). The first one is used to 

calculate the radiant structure of two testers having various area emissivities by the 

difference between heating flows. The second one is a solitary tester consists of a 

crystalline substance as a window. This method practically excludes the convective 

and conductive heat flows to attain behind the window a flow meter. (Luan W., et. 

al., 1999) 

 
An exact understanding of heat transfer properties to the screen walls and to 

immersed heating surfaces is required for appropriate design of CFB boilers. To 

develop an optimal efficiency design it is also necessary to know how the heat 

transfer coefficient depends on different conditions.  

 

Better models are needed for radiative heat transfer in boiler furnaces. If the process 

is known better, combustion in the furnace can be optimized to produce low 

emissions. It makes the process to be environmental friendly. Furthermore, if there is 

a better model of the furnace it can explain better what is happening inside the 

furnace. Using of the model one can quickly and easily analyze how it operates with 

grate fuels, moist fuels or difficult fuels and improve the operation. Models helps 

with better estimation of furnace dimensions and result in more accurate 

understanding of operation. 

   

Key component lacking in these models is radiative heat transfer in particle laden 

gases. If there are no particles than radiative heat transfer can be calculated 

approximately. There are two problems with current models. The first one is a need 

to account for a particle laden gas and the second one is an absence of a fast 
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algorithm. Fast calculation is needed if radiative heat transfer calculation is done for 

a CDF model. Computations slow down if time is required for calculating radiative 

properties over and over again. 

 

This thesis presents a band model for radiative heat transfer in boiler furnaces. It is 

intended to improve previous research providing a quick calculation and account of 

particles in the process. 
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2 BOILERS 
 

Modern society requires water-supply, heat-supply, centralized system of 

illumination and many another things. There is no way to conduct our life without 

these usual blessings of civilization. 

 

The basic part of state energy supply is carried out in centralized way. Various types 

of the power stations are connected among themselves and with consumers by 

electric mains, forming enormous electric power systems.  

 

Now the centralized heat and electric power supply covers the industry and 

household of urban heat and electricity consumption. It also covers a certain extent 

of electricity consumption by public transport (electric locomotives, trams, 

underground, trolley buses).  

 

Process of the combined electricity production and low-potential heat on power 

stations and the further centralized supply of consumers is called as industrial 

heating or combined heat and power (CHP). The process of combined heat and 

power production is based on a heat-and-power production by high-capacity power 

stations. (Styrikovich M.A., et. al., 1959) 

 

As boiler is called the device serving for reception of steam or (and) the hot water, 

used in power installations or heating devices. Depending on a kind of the received 

heat-carrier, boilers are subdivided on steam and water-heating. (Schegolev M.M., 

1953) 

 

As boiler installations are called the equipment complex, intended for transformation 

of chemical energy of fuel into thermal energy. They are used for hot water or steam 

production of the set parameters. 
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There are following boiler installations: heating - for maintenance with heat of 

heating systems, ventilation and hot water supply; industrial - for industrial heat and 

hot water supply.  

 

Boiler installation consists of a boiler, auxiliary mechanisms and devices. The boiler 

unit includes the furnace, tubes system with drums, a super heater, economizer, air 

heater and also setting and flue ducts of a boiler. (Kiselev N.A., 1979) Figure 1 

illustrates the main characteristics of a multifuel fluidized bed boiler.  

 
Figure 1. Large modern circulating fluidized bed boiler (Darling, Scott L., 1999, Foster Wheeler's 
Compact CFB). 
 

In 1905 Grinevetsky V. created the first scientifically proved method of calculation 

of steam boilers. The method is based on generalization of data on heat exchange 

available at that time. Grinevetsky has shown that even in the absence of the 

compelled movement of boiling water thermal resistance wall - water is insignificant. 

Moreover, heat-transfer coefficient can be accepted approximately equal to 

coefficient of a heat transfer from gases to a heating surface. 
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Transition to calculation of steam capacities of a heating surface has allowed 

accurate defining of overload and profitability of boilers. It also has given the chance 

to choose the conditions providing substantial growth of steam capacities in boilers 

of new types at designing stage. 

  

Heat transfer research in boilers and economizers has allowed establishing the core 

laws of heat transfer from gases to a wall. It has showed that the increase in boiler’s 

steam capacity was defined by the sizes of a furnace and the total area of heating 

surfaces. (Styrikovich M.A., et. al., 1959) 

 

Boiler-utilizers are meant for use of heat of flue gases. That kind of boilers is usually 

established behind blast-furnace, heating furnace and other furnaces or gasifies. 

(Kiselev N.A., 1979) 

 

In the industry and on the thermal power plants boilers for production of water steam 

of various parameters with natural or forced circulation are widespread. Sometimes, 

to generate steam boilers of a special design and specialized appointment are applied: 

boilers with intermediate heat-carriers, boilers with pressure in a gas path; reactors 

and steam generators of atomic power stations; the boilers using warmth of gases of 

technological units.  

 

There are 2 kinds of boilers: with natural and forced circulation. Modern boilers 

with a natural circulation have following features:  

– application of combustion chambers for burning of gas, black oil and 

firm fuel in the form of a dust flame; 

– furnace tube screens are fully covering the furnace walls. For the high 

capacity boilers additional tube screens are installed in the top of the furnace. 

– presence of a drum which is connected with all circulation loops of the 

boiler; 
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– application of temperature regulating devices in super heaters and 

economizers.  

 

Once-through boilers are not used at the industrial enterprises and on small power 

plans owing to inexpediency of steam application of ultrahigh parameters in boilers 

of small capacity; high requirements to feed water, which demanded quality 

maintenance is complicated by the big losses of a steam condensate; additional 

expenses of the electric power for realization of circulation of working fluid in the 

heating surfaces and complication of regulatory type automatic control systems. 

(Sidelkovsky L.N., et. al., 1988) 

 

A biofuel combined heat and power (CHP) plant, built in Pietarsaari, Finland, is 

known to be the largest biomass plant in the world. Being environmentally friendly 

power station, its world’s largest boilers output is 550 MW of thermal and 240 MW 

of electric energy. A Pietarsaari’s CHP station produces energy for the forest 

industry and also heat for the district heating. The advanced wood fuel based system 

consumes about 300 000 forest residue bails yearly. Figure 2 illustrates the main 

characteristics of the world’s largest biomass plant boiler.   
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Figure 2. Kvaerner fluidized bed boiler (Vakkilainen, 2003, Steam Generation from Biomass). 
 
Fuels used can be solid, liquid and gaseous. There are a lot of solid fuels, such as: 

coal, peat, combustible slates, fire wood; industry and agriculture waste (sawdust, 

wood chips, husk, bark, forest residues). Grate firing, cyclone firing, pulverized 

firing and fluidized bed firing represent general methods of combustion for these 

fuels. 

 

The first used firing method was grate firing which is declining in use. In this case 

the fuel forms a bed, the bed lies on top of a grate and the fuel is moved from the 

feed hopper to the ash disposal area. There are 3 types of grates: 1. Mechanical; 2. 

Chain; 3. Inclined.  
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There are two general kinds of fluidized bed boilers, bubbling fluidized bed boilers 

(BFB) and circulating fluidized bed (CFB) boilers. Bubbling fluidized bed boilers 

represent the bed sojourned essentially in the bottom of the furnace. Circulating 

fluidized bed represent the fuel bed, which is continuously removed from the 

furnace, separated from the flue gases and reinserted back to the furnace. 

 

Fluidized bed firing is to constitute “separately” combustion of fuel particles.  

Particles have to float in the air flow and provide for effective heat transfer between 

fuel particles and combustible gases. (Vakkilainen E.K., 2003)  

 
Figure 3. Modern circulating fluidized bed (CFB) furnace. 
 

In boilers and different technological mechanisms burning fuel is realized in furnace 

enclosures (furnaces). Fluidized bed furnaces represent devices in which fuel burns 

in the volume of the furnace in the flame form with absence of any fuel layer. 

(Kiselev N.A., 1979) Figure 3 illustrates the main rendering of Foster Wheeler's 

Compact CFB boiler furnace.   
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3 DESCRIPTION OF THE GENERAL HEAT EXCHANGE 

PROCESSES   

 

There are three basic types of heat transfer: thermal conductivity, convection and 

radiation. 

 

3.1 Thermal conduction 

 

On the representation basis of modern physics of heat conduction it is possible to 

describe and investigate this phenomenon by phenomenological and statistical 

methods. 

 

The method of the process description, ignoring microscopic structure of the 

substance while considering it as the continuous environment, is called 

phenomenological.  

 

Phenomenological method has rather general character, while the role of concrete 

physical environment is considered by the factors defined directly from experiment.  

 

Other way of studying of the physical phenomena is based on studying internal 

substance structures. Environment is considered as some physical system consisting 

of a large number of molecules, ions and electrons with set properties and interaction 

laws. Reception of macroscopical characteristics on the set microscopic properties of 

environment makes the primary goal of such method, named as statistical.  

 

Both the first and the second method possess advantages and disadvantages.  
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The phenomenological method allows to establish at once the general relationships 

between the parameters characterizing process, and to use the experimental data, the 

accuracy of which predetermines the accuracy of the method itself. This feature 

represents the advantage of use of the phenomenological approach at phenomenon 

studying.  

 

The statistical method allows receiving phenomenological relations on the basis of 

the set properties of microscopic structure of environment without carrying out 

additional experiments. This is the method’s advantage. A disadvantage of a 

statistical method is its complexity.  

 

The heat conduction phenomenon represents the process of distribution of thermal 

energy at direct contact of individual particles of a body or the separate bodies that 

have various temperatures. Heat conduction is caused by movement of micro 

particles of substance. 

 

At the same time in gases energy transfer is carried out by diffusion of molecules and 

atoms, while in liquids and solid non-conductor bodies - by elastic waves. In metals 

energy transfer basically is carried out by diffusion of free electrons. 

 

It is necessary to specify, that in liquids and gases clear thermal conduction can be 

realized at performance of the conditions excluding the heat transfer by convection. 

(Isachenko V.P., et. al., 1975) 

3.1.1 Heat conductivity coefficient 

Heat conductivity coefficient is a physical parameter of substance. In general, heat 

conductivity coefficient depends on temperature, pressure and substance. 

 

Heat conductivity coefficient λ, W/(mK) is defined from following equation:  
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  (1) 

||
||

gradt
q

=λ

 

From Equation 1 follows that heat conductivity coefficient is numerically equal to a 

quantity of heat which passes through an isothermal surface unit within the time unit 

at a temperature gradient which is equated one.  

 
As bodies can have various temperatures (in the presence of heat exchange even the 

temperature inside the body will be non-uniformly distributed), first of all it is 

important to know the dependence of heat conductivity coefficient from temperature. 

Experiments show, that with sufficient practical accuracy for many materials it is 

possible to accept the dependence of heat conductivity coefficient from temperature 

to be linear: 

 

( )[ ]00 1 ttb −+×= λλ  (2)

 

, where: λ0 – meaning of heat transfer coefficient at temperature t0; b – a constant, 

defined by practical consideration. (Isachenko V.P., et. al., 1975) 

3.1.2 Heat transfer coefficient for gases 

According to the kinetic theory, heat transfer through thermal conduction in gases at 

normal pressure and temperature is defined by transfer of kinetic energy of molecular 

movement as a result of chaotic movement and collision of separate molecules of 

gas. In that way heat conductivity coefficient is defined by expression:  

 

3
ρωλ vcl

=  
(3)
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, where: ω  – average transfer velocity of gas molecules, l  – average free path of gas 

molecules between concussions,  – specific heat at constant volume, vc ρ – density 

of gas. 

 

Average speed of moving of gas molecules depends on temperature: 

 

μ
ω μ TR ××
=

3
 

(4)

 

, where:  – universal gas constant ( = 8314.2 J/(kilomoleK) ), μ – molecular 

weight of gas, T – temperature, K. 

μR μR

 

The heat conductivity coefficient λ of gases is from 0.006 to 0.6 W/(mK). (Isachenko 

V.P., et. al., 1975) 

3.1.3 Heat transfer coefficient for liquids  

In liquids it is possible to present a principle of heat distribution as transfer of energy 

by dissonant elastic fluctuations. There is a formula for conductivity coefficient: 

 

3
1

3
4

μ
λ pC

A ×′=  
(5)

 

, where: Cp – specific heat capacity of liquids at constant pressure, p – volume 

density of liquid, μ – relative molecular weight. 

 

The A' coefficient, proportional to a distribution velocity of elastic waves in a liquid, 

does not depend on a liquid type but depends on temperature, it makes 

(Isachenko V.P., et. al., 1975) .constcA p ≈′
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3.1.4 Heat transfer coefficient for solids 

In metals the main transmitters of heat are free electrons. In consequence of free 

electrons’ movement, temperature equalizes in all points of heating up or cooling 

metal. Free electrons advances from hotter areas to less hotter area, as well as in the 

opposite direction. In the first case they give energy to atoms and in the second take 

off. 

 

In solid nonmetals, conductivity coefficient increases with the rise in temperature. 

Heat conductivity coefficient of powder-like and porous bodies depends on their 

density volume and moisture content. Materials with low meaning of heat 

conductivity coefficient usually apply to isolation and are called heat-insulated 

materials. (Isachenko V.P., et. al., 1975) 

 

3.2 Thermal convection 

 

The concept of convective heat exchange covers heat exchange process at liquid or 

gas movement. At the same time heat transfer is carried out simultaneously by 

convection and thermal conduction. Heat convection is understudied the term as heat 

transfer at moving of macro particles of a liquid or gas to space from area with one 

temperature to area with another one. 

 

If weight liquid ωρ ×  kg/(m2s) passes through a surface unit in a unit of time, then 

together with it enthalpy (J/ m2s) is transferred: 

 

iqconv ωρ=  (6)

 

, where: ω  – velocity, ρ  – fluid density. 
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The heat convection is always accompanied with thermal conduction since at liquid 

or gas movement contact of the separate particles that have various temperatures, 

inevitably take place. As a result of convective heat exchange is described the 

following equation: 

 

itqqq conv ωρλ +∇−=+= tc  (7)

 

, where: q  – local meaning of heat flow density at the expense of convective heat 

exchange, t∇λ  – factors describing by heat transport with thermal conduction, iωρ – 

rs describing by heat transport with thermal convection. facto

 

The convective heat transfer between liquid or gas streams and a surface of a body 

adjoining to it is called as convective heat irradiation.  

 

In the calculation of convective heat irradiation Newton-Rihmana law is used: 

 

( ) dFtt lb ×−×=α dQc   (8)

 

, where:  – thermal flow (W), from liquid to the element of contact surface dF, 

proportion to dF and temperature difference

cdQ

( )lb ttt −=Δ , where in one's part  – 

temperature of body surface,  – temperature of ambient environment (liquid or 

gaseous), 

bt

lt

( )ltbt −  – thermal head. 

 

The heat emission factor is changed on F surface. If α and  do not change on F, 

then Newton-Rihman law can be written as: 

tΔ

 

( ) Ftt lb ×−×=α Qc  (9)
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, where α  – serve as form function and body measurement, regime of motion, 

velocity and temperature of liquid, physical parameters of liquid and others 

magnitude. 

 

There are free and forced convections. In case of a free convection, movement in the 

considered liquid volume arises because of heterogeneity of mass forces in it. The 

forced movement of the considered liquid volume occurs under the influence of the 

external superficial forces enclosed on its borders, by the reason of preliminary 

informed kinetic energy (pump, fan, wind). Moreover, a stream of the studied liquid 

volume, caused by the influence of a homogeneous field of mass forces in it, also 

considers as forced. 

 

The convective heat transfer is described by a system of differential equations and 

conditions of univocacy with a considerable quantity of variables. Attempts of the 

analytical solution of simultaneous equations encountered on the serious difficulties. 

Therefore the great value is put on the experimental research. By means of 

experiment for certain meanings of arguments can receive numerical meanings of 

required variables and then to select up equations, describing results of experiences. 

However, when studying of such difficult process as convective heat exchange it is 

not always easy to carry out the experimental research. 

  

To carry out the research for influence of any single variable on the process the 

others need to be kept invariable. That is not always possible or is inconvenient 

because of a considerable quantity of variables. Besides, it is necessary to be assured 

that the results, received by means of any concrete installation, are possible to be 

transferred to another similar process. The similarity theory helps to resolve these 

difficulties. By means of the similarity theory dimensional physical sizes can be 

united in dimensionless complexes in the way that the number of complexes will be 

less than the number of sizes of which these complexes are made. Derived 

dimensionless complexes can be considered as new variables. 
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At introduction in the equations of dimensionless complexes the number of sizes 

under the badge of required function is formally reduced, that simplifies the research 

of physical processes. Furthermore, new dimensionless variables reflect influence of 

not only separate factors but also of their collection that easily allows to define 

physical communications in investigated process. 

  

The similarity theory establishes also conditions at which results of laboratory 

researches can be extended to others appearances. So the similarity theory first of all 

is theoretical base of experiment. The similarity theory is the important help of 

theoretical researches. (Isachenko V.P., et. al., 1975) 

 

3.3 Thermal radiation 

 

The energy transfer by thermal radiation from flame to the furnace walls is the main 

process in the boiler installations using different fuels.  The general monitoring factor 

in operating and designing boiler installations is the temperature of flue gases. The 

temperature of flue gases is determined for ash settling and for dew point 

temperature. In the first case, if it would be molten in the convection section and thus 

difficult to remove and control by soot blowing. Moreover, the requirements for the 

superheat steam and reheat steam have an effect on the total cycle efficiency and are 

thus directly connected with the flue gas temperature. Flue gas temperature is 

evaluated by the input fuel quantity, the furnace design and radiative properties of 

the combustible gases. Thus, when boilers burn another kind of coal than the furnace 

was calculated for, the boiler must be redesigned. Finally, the distinct radiative 

properties of the combustion gases influence the flue gas temperature and the heat 

transfer efficiency in the convective heating surfaces. 
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Convective heat transfer compared to the radiation heat transfer is generally lower. 

Pressures of CO2 and H2O are the main variables needed to combine emissions for 

the radiative heat transfer and permanent emission from different kinds of fractions 

which happen during the combustion. The radiation performance of the involved gas 

fractions can be supposed to be dependent on coal species and particle size. This 

calculation needs to be modified for radiative heat transfer to the coal being burned.        

 

The different types of fractions involved in the combustion gases can be categorized 

as being carbonaceous, for instance soot, coal and char, or non-carbonaceous, such as 

fly ash. The carbonaceous fractions are limited generally to the furnace area while fly 

ash may be the merely kind of fraction remainder in the absorption region of heat. 

The elements defining particle radiation are particulate mass fraction and allocation 

in the flow field, particulate scale assessment and the system refracting index 

commonly expressed as n+ik, where n and k are, properly, the absorption and 

refracting indexes. There is a substantial amount of inaccuracy in the literature on 

system refracting factors for combustion of the coal. The indeterminacies obtain in 

portion from the changeability’s in fraction composition the problems coupled with 

the developmental techniques and sometimes the doubtful methods used in 

decreasing the experimental facts. 

 

In furnace the calculations of heat transfer for optical constants of solid fuels are 

thought-out to be of the secondary importance to carbon since the fuel 

devolatilization time is commonly negligible equal with the char burning time. 

Consequently, the information from literature on solid fuel optical constants in the 

infrared band is short. (IM K.H., 1992) 

 

The thermal radiation represents a process of internal energy of a radiating body 

distribution by electromagnetic waves. Electromagnetic waves are identified as 

electromagnetic disturbances, starting with radiative bodies. They are spreading in 

vacuum with a velocity of light с=299792458≈3·108 m/s. At absorption of 
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electromagnetic waves by any other bodies, they turn again to the energy of thermal 

movement of molecules. Activators of electromagnetic waves are presented by the 

charged material particles, i.e. the electrons and the ions which enter into the 

composition of material. At that fluctuations of ions correspond to radiation of low 

frequency; radiation, caused by electrons movement can have high frequency if they 

are a part of atoms and molecules and are kept the nearby its equilibrium. 

 

In metals many electrons are free. Therefore in this case one must not to speak about 

fluctuations around the balance centers. Electrons are moved and at that time they 

have irregular motion. The metals radiation gets a character of impulses and has 

waves of various frequency, including a wave of low frequency. Besides wave 

properties radiation possesses as well corpuscular properties. Corpuscular properties 

consist of following: radiant energy is let out and absorbed by substances not 

uninterruptedly and separate discrete portions – light quantum or photons. An 

emitted photon is a particle of a matter containing energy, quantity of movement and 

electromagnetic weight. Therefore the thermal radiation can be considered as photon 

gas. 

  

Passage of photons through the substance is a process of absorption and the 

subsequent emission of energy photons by atoms and molecules of this matter. 

Consequently, radiation has dual character as it obtains properties of a continuity 

field of electromagnetic waves and discreteness properties. Synthesis of both 

properties can be reached so that the energy and impulses are focused in photons, and 

probability of their finding in this or another place of space are in the waves. 

Accordingly to it, radiation is characterized of wave-length (λ) or frequency of 

fluctuations (
λ

υ c
= ). All kinds of electromagnetic radiation have the identical nature 

and vary in wave-length. 

 



 31

Distinction of degree in electromagnetic wavelengths result in to that the general side 

of appearances the phenomena for different wave-lengths are visualized with 

variable degree of definition. So quantum properties are visualized the most 

distinctly in short-wave radiation.  

 

Most of solid and liquid bodies have a continuous spectrum of radiation, i.e. they 

radiate energy of all wave lengths from 0 to ∞. For solid bodies, which have a 

continuous spectrum of radiation, are related nonconductors, semiconductors and 

metals with a rough oxidized surface. Metals with a polished surface, gases and 

steams are characterized by selective spectrum of radiation. Radiant intensity 

depends on character of a body, its temperature, wave-length, surface conditions, and 

for gases also on a layer thickness and pressure. Solid and liquid bodies have 

significant absorption and radiation capabilities. As a consequence in processes of 

radiation heat exchange participate only thin surface layers. Therefore in these cases 

thermal radiation is possible to be considered approximately as surface effects. 

Semitransparent bodies (sintered quartz, glass, optical ceramics, gases and steams) 

are characterized by volume character of radiation in which all particles of substance 

volume are participating. Radiation of all bodies depends on the temperature. With 

increasing of body temperature its energy of radiation is increased, since the internal 

energy of a body is increased. At the same time this changes not only an absolute 

value of its energy, but also a spectral composition. At increasing of the temperature 

the intensity of short-wave radiation raises and intensity of long-wave radiation 

reduces. In processes of radiation the relation on temperature is much higher than in 

processes of thermal conduction and convection. As a result at high temperatures the 

major kind of heat transfer can be thermal radiation.  

 

Now let's discuss the radiation from gases. There are free (not) radiation and 

radiation gas mediums. The glow of the gas medium is a consequence from presence 

of the heated particles of soot, coal, ashes in it, which in turn is called as a flame. 
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Flame radiation can be mainly defined as radiation of solid particles containing in it. 

Presence in the gas medium of a considerable quantity of the small solid particles 

gets the medium nontransparent. 

 

Nontransparent mediums are characterized by essential dispersion of radiant energy.  

 

One- and two- atom gases, such as: helium, hydrogen, oxygen, nitrogen, etc. are 

practically transparent for radiation. Three- and higher atom gases, such as: СО2 and 

H2O possess greater radiating and absorptivity. 

 

Unlike solid and liquid bodies radiation of gases has a volume character. All gas 

micro particles take part in it. Therefore its absorptivity depends on density and 

thickness of a gas layer.  

 

With increase of density and thickness of gas layer absorptivity is increased. 

Radiation of gases has a selective character. They absorb and radiate only in certain 

intervals of wave lengths. In other part of a spectrum they are transparent. 

 

Let's assume, that gas has a constant temperature Tg, and a wall Ts. Accept, that gas 

and a wall are grey bodies. Wall radiation is characterized by a continuous spectrum. 

Figure 4 shows, that the gas medium has a selective-grey radiation in the form of 

separate strips e1g1 and e2g2. The number of such strips for various gases can be 

various.  
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Figure 4. Radiative heat exchange between a selective-grey gas and a grey wall (Isachenko, 1975, 
Heat transfer). 
 

The gas medium exchanges of the radiant streams with a wall only by these strips. 

Out of spectral strips the separate elements of a wall exchange the radiant streams 

only among themselves. (Isachenko V.P., et. al., 1975) 
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4 RADIATION HEAT EXCHANGE 

 

The definition of radiative heat transfer in the boilers or furnaces make use of 

necessary information of the optical properties and space distribution of the 

constituents that take a part in the exchange of radiative energy and of the space 

temperature distribution in the furnace and properties of the internal wall surfaces. 

In-turn, the temperatures are depending on the interference between stream, impact 

and burning mechanisms. The allocation of radiative heat within the furnace and 

across the tube walls is derived from balances of radiative energy that includes the 

information reduced above for the different areas.  

 

It is often impracticable to receive successive information on the temperature 

assessment at the wall tubes. In fact, the radiative heat transfer estimations are 

completed for the specified aim of finding these assessments. In addition flow and 

energy discharge fields within the furnace and heat transfer coefficients by 

convection must be identified and summarized energy balances for the different areas 

must be worked out in addition of everything to those for the radiative energy. The 

temperature distributions can be derived later by solution the integrated total and 

radiative energy balances. Simultaneously, the total and radiative heat stream formal 

parts appropriating to these distributions can be estimated.  

 

Usually, the native properties of the entry that take part in the furnace radiation are 

not known totally. In addition impediments are represented by the fact that even if 

the radiative elements were homogeneously allocated the estimation of radiative heat 

transfer in furnaces of the structures impacted in technical practice express a problem 

that cannot be work out analytically.  (Richter W., et. al., 1993) 



 35

4.1 Process description 

 

The heat radiation is a result of internal energy transformation of bodies into energy 

of electromagnetic modes. As thermal beams hit on other body their energy is 

partially absorbed again turning to the internal. It results in a radiant heat exchange 

between bodies.  

 

As it was discussed in a previous part, the heat radiation is characterized by length of 

a wave (λ) and an oscillation of frequency 
λ

υ c
= , where c – a velocity of light in 

vacuum ( s
mc 8103×= ). 

  

All kinds of electric waves have the identical character; therefore classification of 

radiation by wavelengths has only conditional character. At temperatures engineers 

usually work, the basic quantity of energy is radiated at λ = 0.8÷80 micrometers. 

The accepted name of these beams is thermal or infrared.  

 

The thermal flux radiated on all wavelengths from a body surface unit in all 

directions, is called as total radiant flux surface density E, (W/m2). It is defined by 

the character of the given body and its temperature. This is the own radiation of a 

body.  

 

As the figure 5 shows, a part of radiation energy Efall, falling on a body is absorbed 

(ЕА), a part is reflected (ER) and a part gets through it (ED).  
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Figure 5. Radiant energy distribution which incident on the body (Baskakov, 1991, Heating 
Engineering). 
  
 

Thus a heat balance equation will be of the form:  

 

fallDRA EEEE =++  (10)

 

This heat balance equation can be written down in the dimensionless form: 

 

1=++ DRA  (11)

  

, where:  – absorption coefficient (A
fall

A

E
EA = ); R  – coefficient of reflection 

(
fall

R

E
ER = );  – transmission coefficient (D

fall

D

E
ED = ). 

 

The body absorbing of all radiation falling on it is called as absolutely black. For this 

body A = 1. Bodies, for which coefficient A < 1 and the coefficient does not depend 

on the length of a falling radiation wave are called as grey. For absolutely white body 

R = 1, for absolute transparent body D = 1.  

 



 37

If the surface absorbs the thermal beams, but it does not absorb the light beams, it 

does not seem as black. Moreover, our sight can perceive such surface as a white, for 

example snow, for which A = 0.98. The glass is transparent in a visible part of a 

spectrum, and it is not transparent for thermal beams (A = 0.94). 

 

Basically solid and liquid bodies radiate energy at all wave lengths in the range from 

0 to ∞, i.e. they have continuous radiation spectrum. The pure (none oxidized) metals 

and gases are characterized by selective radiation, i.e. they radiate energy only at 

certain wavelengths.  

 

In the majority of solid and liquid bodies absorption of thermal beams happens in a 

thin superficial layer, i.e. it does not depend on a thickness of a body. Usually for 

these bodies the heat radiation is considered as superficial phenomenon. In the gas by 

virtue of considerably smaller concentration of molecules, the process of radiant heat 

exchange has a volume character. The gas absorption factor depends on the sizes of 

gas volume and gas pressure, i.e. concentration of absorbing molecules. (Baskakov, 

1991) 

 

The general components of flue gases that radiate and absorb radiation in a furnace 

burned with solid fuels are specific gases and dispersed solids. The combustion gas is 

mainly CO2 and H2O and, to a minor degree CO and CH4. Examples of the solid 

fractions are coal, ash and soot. With the exclusion of the soot fractions these are 

responsible for a non-insignificant dispersion of radiative beams. Sustained radiation 

is transferred on the elective radiation of the gaseous elements from the heated tube 

walls and the sustained radiation of the solid fractions. (Richter W., et. al., 1993) 

 

The sum of own radiation stream and reflected stream by a body is called as effective 

radiation:  
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fallef EREE ×+=  (11)

 

Total process of mutual emission, absorption, reflection and transmission of radiation 

energy in the systems of bodies is called as radiant heat exchange.  

 

From a physics course it is known that a spectral concentration of a radiant flux of 

absolutely black body 
λλ d

dEI i
0

0 = , characterizing of radiant intensity on to the given 

of a wave length iλ , has a maximum at certain of a wave length mλ . The value mλ  

(micron) is connected with absolute temperature Т of a body by the Wien law: 

  

Tm 310
898.2

=λ  
(12)

 

From the expression 12 follows, that with growth of temperature the radiation 

maximum is displaced towards to the short waves. So, radiation from a sun surface 

( ) the maximum is suit on a visible part of a spectrum (KT 5800≈ 5.0≈mλ  

microns), and in the electro heater radiation ( KT 1100≈ ) 3=mλ micron, in the latter 

case the energy of visible light radiation is insignificant in comparison with the 

energy of thermal (infrared) radiation.  

 

Radiant flux integral surface density of an absolutely black body depending on its 

temperature is described by a Stefan-Boltzmann radiation law:  

 
4

00 TE ×=σ  (13)

 

, where: )(1067.5 42
8

0 Km
W

×
×= −σ  – Stefan-Boltzmann constant. 
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Usually for technical calculations a Stefan-Boltzmann radiation law is written down 

as: 

 
4

00 100
⎟
⎠
⎞

⎜
⎝
⎛×=

TCE  
(14)

 

, where:  )(67.510 42
8

00 Km
WC

×
=×=σ  is called as a factor of an absolutely black 

body radiation.  

 

The relation of a stream superficial density of its own integrated radiation E for the 

given body to a stream superficial density of the integrated radiation  for 

absolutely black body at the same temperature is called as blackness degree of a 

body:  

0E

 

0E
E

=ε  
(15)

 

, where: ε  – blackness degree. 

 

Blackness degree ε  changes for various bodies from zero to one depending on a 

material, a surface and temperature conditions. Using the idea of a blackness degree, 

it is possible to write down a Stefan-Boltzmann radiation law for a real body:  
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00 100100
⎟
⎠
⎞

⎜
⎝
⎛×=⎟

⎠
⎞

⎜
⎝
⎛××=×=

TCTCEE εε  
(16)

 

, where: 0CC ×= ε  – real body radiation coefficient ( )⎟⎠
⎞

⎜
⎝
⎛

× 42 Km
W .  
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According to the Kirchhoff law of a blackness degree of any body in a 

thermodynamic balance condition is numerically equal to its absorptance at the same 

temperature, i.e. A=ε . In according to this law the relation of radiation energy to 

absorptance ⎟
⎠
⎞

⎜
⎝
⎛

A
E  does not depend by nature of a body and is equal to the radiation 

energy  an absolutely black body at the same temperature. The bigger the 

absorptance, the bigger is radiation energy of this body at the set temperature. If the 

body radiates a little, then it absorbs a little. Absolutely white body is capable neither 

to radiate, nor to absorb of energy. (Baskakov, 1991) 

0E

 

4.2 Radiant energy transfer for absorbing and emitting mediums 

 

Let's consider the energy carrying over by a plane-parallel beam to the dusty 

medium, for example in products of the solid fuel combustion, containing ash 

particles. Figure 6 shows the beam which is directed along an axis x. The area of a 

beam section is set to equal 1 m2 then the energy of a beam on an input on the 

medium is equal . For simplicity the dust particles are considered to have identical 

spherical size with a diameter d and are absolutely black. In a layer of the dx 

thickness the particles which are hit by the radiation, absorb the energy in a quantity 

dE.  

mE
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Figure 6. Slackening of the plane-parallel radiation with dust medium (Baskakov, 1991, Heating 
Engineering). 
 

The absorbed energy dE is equal to product falling (E) on the total area of a cross-

section of all particles in a layer of the dx thickness. In turn, this area is equal to 

product of a cross-section of one particle 
4

2dπ and its numbers n. The number n1 of 

the particles in a volume unit of the medium is to equally relation of its weight cp in a 

volume unit (kg/m3) to the weight of one particle with density pρ :  
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6
d

c
n

p

p

××
×

=
πρ

 
(17)

 

, where: number of particles in the volume of a layer with the dx thickness: 

. dxnn ×= 1
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From an equation 17 follows: 

 

dx
d
c

Edx
d

cdEdE
p

p

p

p ×××−=×××−=
ρπρ

π 5.1
6

4 3

2

 
(18)

 

Integrating this equation from the initial value En  (x=0) to the current E we obtain the 

next equation:  

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= x

d
c

EE
p

p
n ρ

5.1
exp  

(19)

 

If in the equation 19 we symbolize 
p

p

d
c
ρ
5.1

 through χ , and thickness of a layer 

through l,  the result is: 

 
l

neEE χ−=  (20)

 

This law of exponential abatement of the radiation in the medium of radiation absorb 

carries the name of a Bouguer law: the attenuation coefficient χ is increased with 

growth of mass concentration of particles and reduction of their sizes.  

 

The absorptance of a dusty medium layer with the thickness х = l is equal: 

  

l

n

n e
E

EEA χ−−=
−

= 1  
(21)

 

Thus, absorption coefficient (consequently blackness of degree) of a dusty medium 

layer, unlike a solid body, depends on its thickness and a dust concentration.  
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In real systems the process of radiant energy transfer is complicated by the facts that 

not spherical particles have the various sizes, a degree of their blackness is not equal 

to unit and a beam is not the plane-parallel. Therefore the valid size of χ, and also the 

size of l, usually replaced on size lef, named as the effective of a beam length or the 

effective thickness of a radiating layer, are defined from experiment and are resulted 

in directories. (Baskakov, 1991) 

 

Clouds of fractions such as fly ash, situated in the flue gas stream from a boiler can 

significantly raise the radiative heat energy of combustible gases. The systems 

inveigled into fraction radiation are highly complicated, because they are managed 

by many factors, which in a certain sense are correlated also. The general 

characteristics are the fraction load in the blend of gas, the radiation wavelength, and 

optical and dimension fraction properties. (Vortmeyer D., et. al., 1993)     
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5 HEAT EXCHANGE IN ABSORBING AND RADIATING 
MEDIUMS 

 

Heat transfer is effectively accomplished by heat radiation without requirement for 

concurrent volume and quantity transfer desired by Reynold’s similarity for turbulent 

convectional processes of heat transfer. Combustion gases in solid fuel burning 

power stations can be cooled in the radiant part without slagging of the transfer 

surface and without constitutive pressure reduction. Radiation of a heat is not only 

effective method of the energy transfer.  It also is able to be a detecting method for 

information transfer. Data concerning the number, structures, and temperatures of 

flue gases can be deduced from radiative measurements. Both kinds of the statement 

have relevance against ecological pollution for the chemical processing and heat 

power sectors. For example, the formation of NO in the combustible gases is 

influenced by the heating temperature at which burning is performed and can be 

influenced by radiative heat transfer. To use creatively a heat radiation either for an 

information or heat transfer, radiative properties of combustion gas mixtures are 

necessary to be known. Mixes of CO2 and H2O are prevailing products of fossil fuels 

combustion.  (Edwards D.K., Balakrishan A., 1972) 

 

In those areas of heat-process engineering, where high temperatures become evident, 

heat transfer by radiation surpasses others heat exchange kinds on its intensity. 

Therefore at creation of installations, operating in such temperature conditions, it is 

necessary to provide maximum use of radiant heat exchange. Primarily it concerns 

the boiler installations and industrial furnaces with the developed combustion space.  

 

Radiation of bodies is caused by the complicated intra-atomic processes that result to 

transformation of energy of other forms into radiant energy of the electromagnetic 

oscillations with the various wave lengths. Such waves are known as roentgen, 

ultraviolet, light and infrared beams which are radiated by a body on all directions 

and rectilinearly extend in the ambient space with a velocity of light. For the 
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temperatures applied in the heat engineering the spectrum of heat radiation covers a 

range of wave lengths λ approximately from 0.4 to 800 microns and also includes 

light (0.4-0.8 microns) and infrared (0.8-800 microns) beams.  

 

Radiation is peculiar to all bodies, i.e. along with a direct stream of the radiant 

energy from more heated bodies to less heated always there is a return stream of 

energy from less heated bodies to more heated bodies. Final result of such an 

exchange represents itself quantity of the heat transfer by radiation. Thus known 

from the optic laws of distribution, reflexion and refraction of the visible light are 

similarly correct for invisible thermal beams. As a unit of measure radiant energy the 

joule serves. (Larikov N.N., 1985) 

 

5.1 The radiant transfer equation 

 

Along with the opaque mediums there are the semitransparent mediums possessing 

the final transmission of radiant energy (such as: semiconductors, ceramics, glass, 

gases, steams, etc.) At passage of radiant energy through such medium the energy is 

absorbed and dissipated. Moreover, medium can have own radiation. The equation 

defining change of intensity of a beam at the expense of absorption, radiation and 

dispersion of the medium is called as the equation of radiant energy transfer. 

 

Let's consider a case when medium is absorbing and there is a one-dimensional 

transfer of radiant energy an external source; own radiation is negligibly small in 

comparison with radiation of this source. Density of the radiation of an external 

source in process of passage through the medium from border to the given point will 

gradually decrease at the expense of absorption. 

 

On a boundary surface the radiant intensity of an external source ( ) a 

continuous spectrum is set. It is required to define the radiant intensity change on a 

0, =lIλ
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thickness of an absorbing medium layer. Radiant intensity on the separate 

wavelengths at passage to l direction through an absorbing medium layer dl is 

decreased proportionally to this intensity and an infinitesimal way of a beam dl: 

 

dlII ll ,, λλλ α−=  (22)

 

, where: λα  – medium absorptivity, which characterizes the relative change of 

radiant intensity on unit of a beam length. 

 

Expression (22) is the basic law of energy transfer in an absorbing medium. It is 

possible to present it as: 

 

dl
I

dI

l

l
λ

λ

λ α−=
,

,  
(23)

 

If to assume that at l = 0, = , after integration of last equation it turns out: lI ,λ 0, =lIλ

 

∫
=

−

=

l

dl

ll eII 0
0,,

λα

λλ  

(24)

 

Correlation (24) allows finding a spectral brightness of radiation in each point of a 

direction l for separate wavelengths. 

 

Integrated brightness of radiation for separate strips radiation of the medium or for 

the whole of spectrum is defined by integration within corresponding of 

wavelengths. 

 

The equation of the radiant energy transfer allows finding its optical properties in an 

absorbing medium. Absorptance of the medium for the given wavelength is defined 
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by the relation of the radiant energy absorbed in a layer with the thickness l, to the 

energy falling on the border of this layer: 

 

∫
−=

−
=

−

=

=

l

dl

l

ll e
I

II
A 01

0,

,0,
λα

λ

λλ
λ  

(25)

 

Next the optical thickness of the medium is introduced: 

 

∫−=
l

dlL
0

λλ α  (26)

 

If the spectral absorption coefficient is constant on a beam length, then the optical 

thickness of the medium will be equal: 

 

lL λλ α=  (27)

 

, where: l – total layer thickness of the medium. 

 

Then, dependence (24) expressing the radiant intensity easing in an absorbing 

medium, will become: 

 
λ

λλ
L

ll eII −
== 0,,  (28)

 

Equation (28) is nothing else than the Bouguer law. 

 

In this case absorptance of the medium is the result instead of (25) equation to the 

next parity:  
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λ
λ

LeA −−=1  (29)

 

In conditions of the thermodynamic equilibrium, on the strength of Kirchhoff law the 

spectral absorptivity of the substances is equal to the spectral degree of blackness, 

and so: 

 
λ

λλε
LeA −−== 1  (30)

 

Thus, for definition of absorptance and degrees of medium’s blackness it is necessary 

to have the data on absorption and radiation spectrums and also on absorptances for 

the separate wavelengths. Absorption factor of the medium generally depends from 

the physical character of the medium, wavelength, temperature and pressure (for 

gases). As a result the absorptances appear various not only for separate strips of a 

spectrum but also essentially change within the same strip. V.L. Fabrikant has 

applied a Bouguer law to the amplify emission mediums. These mediums are used in 

laser systems. (Isachenko V.P., et. al., 1975) 

 

5.2 Equation of the energy transfer to the absorbing and radiating 

medium  

 

At permeate of the thermal beams in an absorbing medium the absorbed energy 

converts to the heat and is radiated again from the medium. Above is assumed, that 

the medium absorbing of radiant energy is not reradiating appreciable part of it. In 

more general case the intensity of the medium along a beam will decrease in 

consequence of absorption, but also will increase at the expense of own radiation. 

Then instead of dependence (22) the transfer equation becomes: 
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( ) dlIIdI ll λα−= 0  (31)

 

This dependence can be derived from a thermal balance. Radiant energy absorbed by 

medium in a layer with the thickness dl, as well as earlier is defined by value dlIl λα . 

 

It is possible to express the intensity of own radiation through the intensity of 

absolutely black body and absorption coefficient λα  by value dlI λα0 . Then radiant 

intensity change at the expense of absorption and radiation of the medium will be 

expressed by a difference between the absorbed energy and radiation energy in a 

layer with the thickness dl, that results in differential equation (31). In it, as before,  

 – is a spectral radiant intensity to the l direction; – is a spectral radiant intensity 

of absolutely black body at the medium temperature. The index λ here is omission for 

the record simplification. Dependence (31) can be expressed in other form, 

considering that according to Kirchhoff law for an absorbing medium

lI 0I

λπα
η

40I = : 

 

π
ηαλ 4

+−= lI
dl
dIl  

(32)

 

Integration of the equation (31) to bring into accord: 

 

ldldldlII
l

l

ll

ll ′⎟⎟
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⎞
⎜⎜
⎝

⎛
′′−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−= ∫∫∫

′
= λλλ ααα expexp

0
0

0
0  

(33)

 

The first item defines an intensity part of falling radiation , passing a way from 0 

to l; the second item is  intensity of self-radiation, arising on all extent of medium 

elements with the length  and transferred from l  to l, where  and 

lays on a section . 

0=lI

ld ′ ′ ll ≤′≤0

ld ′′ ll ′−
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Whole dependence (33) would express the intensity of radiation as a function of 

point coordinates, l direction and a wave length in absorbing and emitting mediums. 

 

In special case of constant value temperatures, optical properties of the medium and 

pressure the equation (33) becomes: 

 

( )LL
ll eIeII −−
= −+= 100  (34)

   

Considering (29) is derived: 

 

( ) λλ AIAII ll 00 1 +−= =  (35)

 

Radiation intensity inflowing in the medium on the border l=0, is evaluated of the 

surface properties, limiting an absorbing medium. For a diffused wall (at D=0) is 

derived: 

 

ππ
ε λλ

fall
s

s
sl

E
REI +==

0
0  

(36)

 
, where:  and  – spectral blackness degree and reflectance of the wall, 

 – spectral radiant intensity of an absolutely black body at the wall 

temperature,  – spectral radiant intensity of radiant flux falling to the 

wall. 

sλε sRλ

π
s

s
EI 0

0 =

π
fallE

fallI =

 

For the grey wall sλε  and do not depend on the wave length. Substituting 

equation (36) in correlation (35) and having integration on a spectrum is derived: 

sRλ
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(38)

 

, where: ,  – fluxes density of spectral and total radiation of absolute black 

body at the medium temperature T. 

λ0E 0E

 

Last equation allows finding average of the integrated meanings for absorptance and 

blackness degrees of the medium: 

 

∫
∞

=
0

04
1 λα

σ λdE
T

A s
s

; ∫
∞

=
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04
1 λα

σ
ε λλ dE
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(39)

 

In the integral  the value  decompounds from the energy, radiated of 

the medium or other walls and traverse through the medium.    

∫
∞

0

λαλdE fall fallE

 

The knowledge of integral properties of the medium is enough for the theoretical 

formulation of a heat exchange problem in a medium volume, situated in the grey 

surface.  

 

The resulted dependences can be extended to a case of the isothermal medium with 

no-grey surface in a condition of its optical properties have little dependency on a 

wave length. If the medium is characterized also by dispersion of radiant energy then 

in initial dependences (31) and (32) instead of  is entered  and instead of η-ηeff; 

the coefficient Rλ carries the name of attenuation medium coefficient. 

λα λR
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The analytical solutions which are based on the resulted equations of the radiant 

energy transfer are derived with reference to simple geometrical systems and some of 

them will be considered later. (Isachenko V.P., et. al., 1975) 

 

5.3 The medium optical thickness and regimes of study  

 

One of the major dimensionless parameters of radiation is the optical thickness of the 

medium. In compliance with parity (27) is possible to present it in a kind: 

λ

λ

α
l
lL =  

(40)

 

, where: 
λα

l  – penetration depth or as average length of free run of photons. 

  

Actually, if the absorptance is small the beam will pass larger distance through the 

medium without considerable attenuation, i.e. penetration depth will be large. If the 

coefficient λα  is great then the depth of penetration will be small. 

 

From the preceding follows, that the optical thickness is the relation of the 

characteristic linear size to the length of radiation penetration and that 
λα

l  plays a 

role similar to average length of free run molecules, and value  is possible to 

consider as a photon Knudsen number. 

1−
λL

 

At  the medium has optically small thickness and it is optically thin; at 

the medium has big thickness and it is optically thick. As well as in case of 

molecular heat transfer, is possible to classify various modes of radiant energy 

1<<λL

1>>λL
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transfer depending on value . Condition  means that photon mean free path 

is less of individual than the system size. 

λL 1>>λL

 

Medium can be considered as some continuum of photons. As well as in case of a 

molecular conductivity, the radiation energy transfer in the medium is possible to 

assimilate as diffusion transfer. Interphoton collisions are playing a prevailing role.  

 

In case 1<<λL  the lengths of photons free run well over than characteristic linear 

size of the system. The photons, which are let out by the medium, get directly on a 

boundary surface without intermediate impacts, without radiant interaction. Such 

mode of radiation energy transfer is called as a mode of epsilon squared self-

absorption.  

 

In a limit, when , medium would not participate in the heat exchange by 

radiation and photons moves from a surface to a surface without intermediate 

absorption and emission, meanings of an optical thickness  correspond to a 

transitive mode of radiation. (Isachenko V.P., et. al., 1975) 

0→λL

10 << λL

 

5.4 Criteria of radiating similarity  

 

Criteria of radiating similarity are derived by leading equations of radiant and 

complex heat exchange and also the single-valuedness conditions to a dimensionless 

form. 

 

For difficult processes of heat exchange are used the following equation of energy: 

 

(41)0=++ rchc qdivqdivqdiv  
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, where: ,  and  – density vectors of the heat flow at the heat conduction, 

convection and radiation.  

hcq cq rq

  

Dimensionless complexes are characterizing the contribution of various sorts of 

process. For such dimensionless complexes are related different correlations, such as: 

 

3
0T
c

Bo p

σ
ωρ

= ;
r
TKi
λ
σ 3

0=  
(42)

 

, where: λ – heat conductivity coefficient, r – attenuation medium coefficient,  – 

Boltzmann relation,  – Kirpichev relation. 

Bo

Ki

 

Boltzmann relation: the lower value it has the more important is the role it plays in 

radiation transfer to the medium in comparison with the convective heat transfer.  

 

Kirpichev relation characterizes the radiation-conductive transfer. 

 

The heat balance on the medium border with a solid body surface allows receiving a 

Stark number: 

 

s

lTSt
λ

σ 3
0=  

(43)

 

, where: T – representative temperature, l – characteristic linear dimension, λ – heat 

conductivity coefficient. 

 

A Stark number is analogue of Biot number and characterizing a communication 

between a temperature field in a solid body and conditions of radiating heat exchange 

on a body surface.  
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Equation of the radiant energy transfer allows receiving a Bouguer law: 

 

0lBu κ=  (44)

 

, where:  – characteristic dimension of the weakening medium,  0l

κ  – mean value of the attenuation coefficient. (Isachenko V.P., et. al., 1975)
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6 PROBLEM DESCRIPTION 
 

In most Computational Fluid Dynamics (CFD) applications it is common to study 

heat transfer from liquid flow. Radiation carries an important role in many of these 

flows in comparison with the conductive and convective transport facilities. Incidents 

in which radiation prevails might be external and internal building flows.  

 

Every object will start to radiate energy with absolute temperature higher than 0 K. 

In this case the object reacts with any other in the environment. It does not demand a 

medium and this heat transfer process can operate in vacuum. Even in low 

temperature conditions radiation can have a substantial impact.  

 

Radiation has to be considering in CFD estimations, even contribution of it is not so 

small compared to conductive and convective energy transport. For radiation the 

maximum probable energy transfer by radiation between surfaces with different 

temperatures is determined by the Stefan-Boltzmann law: 

 

( )4
min

4
max TTqrad −=σ&  (45)

 

The same way from the Stefan-Boltzmann law the radiation from a screen-wall law 

can be estimated: 

 
4Tqrad σε=&  (46)

 

, where: ε  – emissivity, which describes the difference between screen wall ideal 

cavity radiation and surface radiation. 
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Radiation from a gas area into a separate direction is estimated from following 

equation: 

π
σ 4Tkqrad =&  

(47)

 

A gray body of area A in a black frame at TE temperature will attain balance TE 

temperature. At balance the radiation consumed by the gray body equals the total 

reradiate energy: 

 
4

EE TqA σεα =&  (48)

 

, where: α  – absorptivity of the gray body surface.  

 

Previous equations describe radiative heat transfer not accounting for presence of 

particles in the medium, which is not unimportant fact in practice. For example, if 

there is a wall that radiation is directed to crossing hypothesized boundaries and on 

the way of radiation heat transfer there are particles of discrete distribution (Figure 7) 

 

 
Figure 7. Radiation of heat transfer to the screen-wall through the dust suspension. 
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then it is obvious that part of flux will be picked up by particles, which will be heated 

reducing the total amount of heat received by the wall. Each boundary cross will lead 

to (Figure 8) raise of emissivity (a) and reduction of temperature (b) and absorptivity 

of the surface (c) in comparison to the radiation heat transfer in the medium with no 

particles presented. 

 

 
(a) 

 
 
 
 

(b) 
 
 
 
 

(c) 

 
Figure 8. Influence of particles presence to the characteristics of surface. 
 

Aforesaid indicates that radiation heat model without particles taken into account is 

extremely simplified. Present calculation methods do not pay enough attention on 

radiation heat transfer specifics which have to be reconsidered.   

 

Investigating the effect of particle fractions to the radiative heat transfer surface in 

circulating fluidized beds (CFB) is fundamental for most CFB. It is required to 

accurately predict high temperature burning and hydrocarbon formation. The heat 

transfer calculations can be advanced as well as the energy transfer during the 

process of combustion. Better knowledge of radiative heat transfer can be used to 

arrive at supreme performance. Greater previous scientific researches have been 

maintained using columns of round cross-cell functioned at encompassing 
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temperature for which convective and conductive heat transfer is prevalent. Merely a 

restricted number of experimental researches (Steward et al., 1995; Werdermann and 

Werther, 1994; Han et al., 1992; Basu and Konuche, 1988) and theoretic researches 

(Baskakov and Leckner, 1997; Fang et al., 1995; Glatzer and Linzer, 1995; 

Werdermann and Werther, 1994; Basu, 1990; Chen et al., 1988; Basu and Nag, 

1987) have been accomplished the CFBs enclosing radiative heat transfer. These 

researches demonstrate that pulverized fractions to the radiative heat transfer factors 

lie in the interval of 50 – 100 W/m2K with the assumptions of CFB performances, 

both for laboratory and industrial scale units.  

 

Steward et al. (1995) estimated the relative importance of the radiation component 

with a linear suspension temperature distribution near the wall to be equal to 50% at 

850 ºC. Werdermann and Werther (1994) have informed, that radiation brings 

approximately 33% of full transfer for non isothermal and 63% for isothermal 

conditions at 858 ºC.  Basu and Konuche (1988) informed that the radiative 

component is 70 – 90% of the total heat flux carried from the suspension to the wall 

at 600 – 885 ºC, while the outcome of Han et al. (1992) showed that the radiative 

contribution to heat transfer in CFBs is about 40 – 50% at 200 – 600 ºC. All these 

experimental researches were conducted with relative densities of a suspension in a 

range 2 - 40 kg/m3. In comparison to bubbling fluidized beds the high percentage of 

radiation to total heat transfer in CFBs is attributed to relatively low convective heat 

transfer because of low concentration of particles.  

 

There are two types of gauging methods for radiative heat transfer: differential 

emissivity method (DEM) and window method (WM). The first one is used to 

calculate the radiative structure of two testers having various area emissivities by the 

difference between heating flows. The second one is a solitary tester consists of a 

crystalline substance as a window practically exclude the convective and conductive 

heat flows to attain behind the window a flow meter. (Luan W., et. al., 1999) 
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A riser cross cell can be sorted into two areas: with fractions in the basic area where 

solid fractions are being transported upward and down along the tube wall. At high 

fraction suspension densities, the depth can be approximated as uniform and 

independent of the fractions which cover heat transfer surfaces.  

 

When the emulsion layer thickness reached 8 mm heat transfer surfaces were 

completely covered by particle layers, as it was shown by Senior (1992). For 

industrial-scale boilers, particle emulsions fully cover heat transfer surfaces (Leckner 

and Andersson, 1992), resulting in a development of lateral temperature profile. A 

particle concentration profile has also been identified (e.g. Zhang and Tung 1991). 

 

Figure 9 shows the suspected model. A heat transfer surface of constant temperature 

Tw is treated as a dissipated surface with emissivity ew. A stationary thin layer of gas 

is supposed to exist contiguous to the surface. Lints and Glicksman (1994) proposed 

the empirical correlation for estimation of thickness δg of this layer: 

 

581.0
sec )1(0287.0 −−= ε

δ

p

g

d
 

(49)

 

, where: secε  – the cross cell mean voidage calculated from the gradient of pressure 

along the riser and is equaled
p

susp

ρ
ρ

ε −=1sec , where by-turn suspρ  – suspension 

density, and pρ  – particle density.  

 

The temperature is considered in the gas vacuity to vary linearly with the x interval. 

After fractions and gas are in close contact and fractions have a low Biot numbers 

which are used in processes of CFB, thermal gradients are disregarded within the 

fractions. It is supposed that the fractions and gas are being at equal temperature. The 
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emulsion near the surface is considered as a complete layer of depth δe, calculated 

using the Bi et al. (1996) ratio: 

 

 ( ) ( ) 4.1
sec

2.0
sec 1130.134.11 εε

δδ
−+−−−=

+
X

ge           

for   9985.080.0 sec ≤≤ ε  

(50)

, where: X – a riser half-breadth. 

 

The voidage distribution in the emulsion layer is estimated using the correlation of 

Zhang et al. (1994): 

 
( ) ( )10,)(

115.2 3191.0
sec <<= ++ φεφε φφ  (51)

 

, where:  
X
x

−=1φ and x – an interval from the center line of a riser. For the 

emulsion layer, φ  expands from 
( )

X
eg δδ −

−1  to 
X

gδ−1 . 

 

To estimate the lateral temperature distribution the correlation of Golriz (1995) is 

used: 
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, where:  – the temperature of bulk suspension,  – the temperature of outside 

pipe wall, H – the height of overall riser,  – the particle Reynolds number and is 

equaled

bT wT

pRe

g

pgg
p

dU
μ
ρ

=Re . 
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Using of the 52 equation is limited to large-scale risers and  from 5.6 to 13.5, pRe

w

b

T
T from 2.1 to 2.47 and 

H
z from 0.19 to 0.81. 

 

 
      (a)                                                                (b) 

 
Figure 9. A non-uniform emulsion heat transfer model: (a) physical model; (b) radiative heat transfer 
model. (W. Luan, et al., 1999. Experimental and theoretical study of total and radiative heat transfer in 
circulating fluidized beds, Chemical Engineering Science, 54, Pergamon). 
 

By adding convection, conduction and radiation elements are approximated the total 

heat transfer coefficient:  
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, where:  – conductive and convective heat transfer coefficient,  – heat transfer 

coefficients for conduction through the gas vacuity,  – convection and conduction 

heat transfer coefficients in the emulsion,  – the coefficient of radiative heat 

transfer. (Luan W., et. al., 1999) 

cch gh

eh

rh

  

6.1 Gas gap conduction 

 

Gas gap normal conduction is expressed as univariate to the heat transfer surface. 

There is a following equation for gas conductivity variation with temperature 

(McMordie 1962): 

 

( ) gwb
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g
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(54)

 

, where gδ  – gas gap thickness. (Luan W., et. al., 1999) 

 

6.2 Convection and conduction in emulsion layer 

 

Suspension to the wall convective heat transfer of CFB risers is estimated by means 

of the Mickley and Fairbanks packet model (1955), where heat transfer as a transient 

process involving conduction from fractions groups settling at the wall screen is 

introduced, with the resultant heat flux related to the residence time of the packet at 

the screen surface. For a packet located to the screen-wall at time 0, the local 

coefficient of heat transfer after contact time t is to constitute following: 
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At that the surface length average coefficient of heat transfer for a surface with 

length L is to represent following: 
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, where:  t  – contact time (
pU

Lt = ),  – falling velocity of fractions in the 

emulsion layer,  – packet effective conductivity. 

pU

ek
 
 
Packet effective conductivity ( ) can be calculated using Gelperin and Einstein 

(1971) correlation: 
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Clusters heat capacity and effective density are calculated, as: 

 

( ) egepe ερερρ +−= 1  (58) 

and 
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p
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(Luan W., et. al., 1999) 
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6.3 Emulsion layer radiation 

 

The radiative flux in the emulsion layer at any interval x from the screen wall can be 

derived by the local spectral radiation intensity integrating: 

( ) ( ) λμμμπ λ ddxIxqr ∫ ∫
∞

− ⎥⎦
⎤

⎢⎣
⎡=

0

1

1
,2  (60)

 

, where: θμ cos=  and θ  – polar angle, ( )μλ ,xI  – radiative intensity. 

 

The radiative intensity ( )μλ ,xI  must to satisfy condition the radiative heat transfer 

correlation (Siegel and Howell, 1992): 
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, where: γ  – azimuthally averaged scattering phase function,   – spectral scattering 

albedo of the emulsion estimated by 

Ω

t

s

K
K

=Ω ,  – scattering coefficient of the 

emulsion layer,  – extinction coefficient of the emulsion layer, x – coordinate is 

substituted by the optical depth 

sK
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Planck's law for the local spectral intensity of blackbody radiation in a vacuum is 

given: 
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, where: , ( )201 chc ′=
k
chc
′
′

= 0
2 ,  – velocity of light in a vacuum 

(  m/s),  – Planck's constant (6.6261×10-34 Js), λ – wavelength,  

k' – Boltzmann constant ( J/K), 

0c

102.9979× 8 h′
-23101.3805× ( )τT  – local temperature.  

 

The extinction coefficient  is the amount of the absorption and scattering 

coefficients ( ). Self-contained dispersion occurs for inter-fraction 

clearance is 

tK

ast KKK +=

5≥=
λ
π pd

c , according to Tien and Drolen (1987). This criterion is 

contented for a CFB riser functioning with  ºC and the group of B fractions, 

and so: 

400>bT

 

( ) ( )[ ]x
d
R

xK
p

p
s ε−= 1

2
3

 
(63)

( ) ( ) ( )[ ]x
d

R
xK

p

p
a ε−

−
= 1

2
13

 
(64)

( ) ( ) ( ) ( )[ ]x
d

xKxKxK
p

ast ε−=+= 1
2

3  
(65)

 

The albedo p
t

s R
K
K

==Ω , where  – fractions reflectivity (pR pp eR −=1 ),  

 –  emissivity of the fraction (Tien, 1988). It is assumed that the anisotropic 

dispersion is self-contained of the incidence angle. So for large diffuse fractions is 

the (

pe

γ ) phase function: 
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, where:  
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( )( ) ( )Ψ′−Ψ−−+′=Θ cos11cos 22 μμμμ  (67)

 

When is estimated, then the corresponding heat transfer coefficient: ( )xqr

( )
wb

r
r TT

qh
−
=

=
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(68) 

(Luan W., et. al., 1999) 

 

6.4 Coefficients and fluxes for radiative heat transfer  

 

It is not easy to work with the coupled equations of radiative and energy heat 

transfer. Using the Golriz (1995) equation the temperature change can be calculated 

across the emulsion layer and only then the radiative transfer equation needs to be 

solved to obtain the radiative heat flux, and so coefficient of the radiative heat 

transfer. Using the discrete ordinate method the equation (61) is combined (S-N 

method, Modest, 1993), with integration being accomplished by numerical 

quadrature and the terms determined for a separate value of ordinate trends, i.e. 
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, where:  – coefficient of weight in the j direction. jw

 

The directions are picked out to provide that: 
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, where:  – weight coefficients (nwww 221 ,,
n

www n
1... 221 ==== ). 

 

Estimating equation (69) at the center between two nodes gives following: 

 

( ) =+ ikI μτλ ,1  

( ) ( ) ( ) ( ) ( )[ ]

⎥
⎦

⎤
⎢
⎣

⎡
+⎟

⎠
⎞

⎜
⎝
⎛
Δ

+
Ω−

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛Ω
+⎥

⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛
Δ

=
+

= +
∑

2
1

2
1,

2
,

2
1

1,,

2

1 2
1

τ
μ

ττμτμμγμτ
τ
μ

λλλλ

i

kbkb

n

j
ikjiiik

i IIIwI

Nk ,...,2,1=  

(71)

 

The radiative heat transfer flux is calculated as: 
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, where: total wave length range is replaced from 0 to ∞, without loss of precision, by 

a restricted succession with M wave length intervals pλΔ . 

 

The offered model forecasts three elements: emulsion layer convection, gas layer 

conduction and emulsion layer radiation. The heat transfer coefficient of gas layer is 

evaluated from the temperature of suspension and the temperature of cold screen 

wall, just as the emulsion layer temperature distribution.  

 

Fluxes of the radiative heat transfer decline with declining temperatures of 

suspension. The radiative component can be neglected for temperatures of bulk 

suspension less 400 ºC. 
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The heat opposition in the gas layer prevails for convective and conductive heat 

transfer, so that hcc is sensory to the gas layer thickness. 

 

The coefficient of radiative heat transfer rises with raising fraction size due to the 

declined absorption of the radiated and diffused radiation from other emulsion layer 

optical depths. (Luan W., et. al., 1999) 
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7 BAND MODEL 
 

When the gas molecule is in interaction with radiation there take place some changes 

in the energy level of the molecule. In consequence the molecule is absorbed or 

emitted a photon. The energy levels are in quantum state, in which case the changes 

in the changes in the energy levels are discrete. The change in the energy level can be 

noticed as a spectrum line. When the temperature and/or pressure is increasing the 

interact of photon and molecule can take place a little bit higher or lower energy 

levels than the discrete energy level (due the collision of the molecules). This can be 

detected as spectrum line broadens to a small wavelength. In figure 10 an example of 

the spectrum lines are presented, and in that every transition can be detected as a 

peak. 

 
                                     (a)                                                                      (b)      
 
Figure 10. A high-resolution spectrum of CO2, an example of spectrum lines (a). Low resolution 
spectrum of CO2, an example of the bands (b). (Ahokainen, Tapio, 2001. EWBM-ohjelman käytöstä 
ja taustasta). 
 

The emission spectrum of the gases can be modeled by varied methods. In the order 

of accuracy the models can be listed as follows: line-by-line method, narrow-band 
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models, wide-band models, weighted sum of gray gases model and total emissivity 

model.  

 

From these the wide-band models are the compromise of calculation speed and 

accuracy of the model gives. “Exponential wide band model “– program is based on 

the model presented by Edwards (1983). In this method the single band is modeled 

by 3 parameters: ω – band width parameter, β – line width parameter and  

α – integrated band intensity. Besides the parameters, in this model there has to be 

connected some place to the band in wavelength. In wide-band models individual 

band shape is described with parameter β, the width of the band with parameter ω 

and the relation of the intensity (S) to the distance of the lines (d), (S/d), with 

parameter α. The model do not give information of the shape of the lines, but only 

models how (S/d) and η (=βPe) changes in function of wave number. In this the 

parameter η is the relation of the line width to the distance of the lines, and Pe is so 

called effective pressure. (Ahokainen, Tapio, 2001) 

 
The program is based on Exponential Wide Band (EWB) model, which models the 

line spectrum of the gas with help of exponential function. The program calculates 

the emissivity in given temperature T, pressure P and optic meter L. Absorption 

bands is estimated by “four-region” equations: 

1. The linear region for small optical depth and high pressure: 

1, ≤kHτ   ,  kkH ητ ≤,   ,   kHkA ,
* τ= (73)

 

2. The square-root region for small to moderate optical depth and low pressure:  

k
kHk η

τη 1
, ≤≤   , 1≤kη   ,  ( ) kkHkkA ητη −= 2

1

,
* 4  

(74)

 

3. The log-root region for large optical depth and low pressure: 



 72

kH
k

,
1 τ
η

≤   , 1≤kη   ,  ( ) kkkHkA ηητ −+= 2ln ,
*  

(75)

 

4. The log region for large optical depth and high pressure: 

1, ≥kHτ   , 1≥kη   ,   1ln ,
* += kHkA τ (76)

(Edwards D.K., 1983) 

 

 Line length ratio to the distance between lines (βij) is approximated according the 

polynome fit of source:  

 

Pedji ⋅
⋅

≡
γπβ ,  

(77)

 

(Lallemant, 1996) 

 

Weiner and Edwards derived the following equation for the functional dependence of 

βij with temperature: 
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, where:  is estimated as: )(TΦ
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(Weiner M.M., 1968) 
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The denominator of equation (79) is equal to the numerator of equation (88), so that 

the estimation of  is abridged to the determination of the infinite series 

appearing in the numerator of equation (79). (Lallemant, 1996) 

)(TΦ

 

Total emissivity is estimated by “block-approximation”: 
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(80)

 
, where: kb,τ  – spectral block transmissivity,  – lower wave number limits of 

block k,  – upper wave number limits of k block, T – temperature of the gas,  

f(x) – fractional function of blackbody radiation. 

kbLv ,

kbUv ,

 

Parameters for the model have adapted by fit the model to the measured data, which 

has made to the 6 gas component (H2O, CO2, CO, CH4, SO2 and NO). (Ahokainen, 

Tapio, 2001)  

 

Molecular radiating properties of the gas are complicated by different directions of 

magnitude change in spectral absorption with wave number on the infrared spectrum 

connected with a heat radiation at the gas combustion temperatures (wave numbers 

100 cm-1 – 10 000 cm-1, that are lengths of a wave from the whole 100 microns to so 

short as 1 micron). In areas of the intensive absorption, named absorbing bands, 

radiate energy is slackened by e-1 in less then one millimeter while hundred or two 

wave numbers is far, in the areas named windows, the distance of kilometers can be 

desired. Besides, even within absorption band of group of an order size or more can 

occur on so short spectral augmentation as one or two wave numbers.  
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The selectivity shown by wide bands occurs because of infrared radiation interaction 

to vibrating ways of energy storage by molecules. Selectivity within groups occurs 

because of interaction with rotary ways of the energy storage which is giving 

increment to structure of a line in the vibration rotation band. Estimation of the line 

structure can be taken roughly by means of a narrow model of band Goody model 

(Goody R.M., 1964) for the ith species and jth band. There is a following equation of 

uniform gas layer absorptivity with length L: 
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, where:  ( )
jid

S
,

 – line spacing intensity, ρi – absorber density, βi,j – line width to 

spacing attitude for an attenuate mixture at atmosphere pressure π times, Pe,i – 

equivalent of an atmosphere expansion pressure. 

 

The quantities ( )d
S   and βi  are permitted variates with v wave number, but over the 

extent of a whole band and not from line to line. The interchangeable extending 

pressure is seemed: 
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, where: P – total pressure, Pi  –partial pressure of absorbing gas, P0 – an atmosphere, 

bi – self-broadening  coefficient (CO2, CO etc.) 
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A wide band model can be used to impose how ( )
jid

S
,

 and βi,j change with v wave 

number. Just as a wide band the exponential band model can be used successfully: 

  

∫∞≡
0

,,, dvA jivji α  (83)

 

There are three crude band shapes for the exponential band model. The first one is 

for symmetrical band with vc,i,j center: 
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The second one is for a band with an upper vu,i,j wave number head: 
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And the last one is for a band with a lower vl,i,j wave number head: 
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Then the exponential band absorption equation is simplified to the values assignment 

(αi, ,, βi,j, ωi,j) against temperature.  
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In writing the i, j indexes are temporarily withdrawn for simplicity. There is 

following approximating correlation for α(T) of the molecular behavior with 

harmonic-oscillator type wave functions: 
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, where: T0 = 100 K,  
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(88)

 

The statistical weight gk is unity for non-degenerate vibrations, 2 for the v2 mode of 

CO2, 2 for the v2 vibration of CH4 and 3 for the v3 and v4 modes of that molecule. 

The value of v0,k = 0 if a plus sign is associated with δk in the upper state (v1± δ1, … , 

vk± δk, …). 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 

 
Figure 11. Optical depth parameter (a) H2O, (b) CO2 and CO (Edwards D.K., Balakrishan A., 1972. 
Thermal radiation by combustion gases. U.S.A.). 
 

Figures 11 and 12 show how τH and β modify with T for the more important bands. 

The amount τH is the optical depth at the top or center of the band in the most 

absorption intensive range according to the band model used (non-dimensional): 

 

ji

iji
jiH

L

,

,
,, ω

ρα
τ =  

(89)

 

In the instance of the pure rotational water vapor band τH at v = 500 cm-1 is 

diagramed. If the value is larger than 3 the infrared from 0 to 500 cm-1 is considered 

as black and the lower of the band is discussed as a separate band with a lower limit 

at 500 wave numbers. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 

 
Figure 12. Line width parameter (a) H2O, (b) CO2 and CO (Edwards D.K., Balakrishan A., 1972. 
Thermal radiation by combustion gases. U.S.A.). 
 

Figure13 shows a universal band absorption curve of growth for purposes of 

calculating band absorption and total absorptivity or emissivity. 
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Figure 13. Universal band absorption (Edwards D.K., Balakrishan A., 1972. Thermal radiation by 
combustion gases. U.S.A.). 
 

There will be following “block” approximation for the total absorptivity of a gas at T 

temperature for source Ts temperature: 
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(Edwards D.K., Balakrishan A., 1972) 
 



 80

8 CONCLUSIONS 
 

The thermal radiation represents a process of internal energy of a radiating body 

distribution by electromagnetic waves. They are spreading in vacuum with a velocity 

of light с≈3·108 m/s. At absorption of electromagnetic waves by any other bodies, 

they turn again to the energy of thermal movement of molecules.  
 

The definition of radiative heat transfer in the boilers or furnaces make use of 

necessary information of the optical properties and space distribution of the 

constituents. They take a part in the exchange of radiative energy and of the space 

temperature distribution in the furnace and properties of the internal wall surfaces. 

In-turn, the temperatures are depending on the interference between stream, impact 

and burning mechanisms. The allocation of radiative heat within the furnace and 

across the tube walls is derived from balances of radiative energy that includes the 

information reduced above for the different areas.  
 

Investigating the effect of particle fractions to the radiative heat transfer surface in 

circulating fluidized beds (CFB) is fundamental for most CFB. The heat transfer 

calculations can be advanced as well as the energy transfer during the process of 

combustion. Better knowledge of radiative heat transfer can be used to arrive at 

supreme performance. 
 

As it has been presented at this paper there are essential differences between a band 

model and others models for radiative heat transfer in boiler furnaces. Further, 

advantage for a band model is a quickness of calculation.  
 

Previous research on calculating heat transfer coefficients at different gas velocities 

and particle sizes by Mickley and Trilling (1949) to fluidized beds was not so deep. 

Master's Thesis has been developed to improve previous research providing a faster 

calculation and account of particles in the process. However, future usable 

improvements of a band model are needed.  
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APPENDICES 
 
 
Appendix I. Description of code. 

 
Give the concentration of gases Xi in mole fractions (volume fraction). Give the 

temperature T in degrees of Kelvin. Give the total pressure P in atmosphere  

(1 atm = 101325 Pa=1.01325 bar). Give the optic meter L in meters. 

 

The program is proceeding as follows: 

1. Give T, P, L. 

2. Choose the component, i=1…10 and the content Xi. 

3. The band-absorption and the max and min values of the band (λj, max, min) are 

calculated. 

4. If there are more components continue from sequence 2. 

5. The total wave number spectrum is divided to segments based on the 

previously calculated values of  λj, max, min. 

6. Absorptivity α of the gas mixture is calculated. 

7. Factor of the absorption is calculated with formula: ( )
L

K α−
−=

1ln . 

 

Figure 14 shows the function F0-λT, it is emissive power of so called cumulative black 

object in given temperature. 
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Figure 14. The emission power of black object (a) and cumulative “fractional function” (b) 
(Ahokainen, Tapio, 2001. EWBM-ohjelman käytöstä ja taustasta). 
 

As the result it is given a print as seen in table 1. In the table the column 1 and 2 

indicates the wave number area max and min limits, vk, vk+1 (cm-1), of the block. In 

the next column (TAUGK) is the transparency of the block τg,k. In F-LOW column 

value of cumulative function F(Tg/vk)=F(λkTg) is calculated. The DF column is the 

value of product εg,kΔFk , i.e. it is the emissivity of the block from the total 

emissivity. By calculating values of this column together the total emissivity can be 

obtained. In the last column the cumulative emissivity is presented. 
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Table 1. An example of the Exponential Wide Band model print (Ahokainen, Tapio, 2001. EWBM-
ohjelman käytöstä ja taustasta). 
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Appendix II. Description of the subprograms. 
 

This addition is describing shortly the subprograms used in the mosel and the 

parameters used to calling the subprograms. The local variables of the subprograms 

are documented in source code. 

 

1. MAIN 
 

This is the main program, which can be used as a base when adding the model to part 

of calculations of radiation and flow. In this part it is given the initial data of the 

model. After subprograms the absorption coefficient, which can be returned to the 

calculations of radiation is calculated. 

 

1. Subprogram SETDAT 
 

Set the model-specific constants to help the calculations. Subprogram or part of it 

(the values of tables) can be translated for example to the beginning of flow 

calculations if it noticed that memory zones needed are usable in the MAIN-program 

or relative part in radiation model calculations.  

 

However, in this context it is good to notice that the subprogram is arranging the 

table anew depending how many gas component is included to the calculations. To 

set in the MAIN-program the content of the gas below 10-6 it can be miss the 

influence of the component when calculating the absorption rate. 

 

It is recommended that the call of the subprogram is maintained when the model is 

included to radiation calculation, although it can slow down the total calculations. 

 

The call of the subprogram: 

C   SET MODEL DATA AND RE-ORGANISE GAS COMPOSITION ARRAY XI  

CALL SETDAT(LGAS,CGASI,NYIG,A,D,M,NYYK,ALFA0,NBI, 



 91

     +            W0,B0,NYYC,MG,XI) 

 

The parameters of the subprogram: 

LGAS logical variable to the component i, is the component i included to         

calculations; 

CGASI character string variable to gas component i; 

NYIG the number of calculated gas component; 

A the factor of parameter β in polynome fit  

(Lallemant, Weber, 1996; table 2, p. 3279) 

D vibration transition of the molecule, δ1, δ2, …, δm 

(Edwards, Balakrishnan, 1973; table 1, p. 30) 

M number of vibration transition, m  

(Edwards, Balakrishnan, 1973; table 1, p. 30) 

NYYK wave number of vibration transition, νk  

(Edwards, Balakrishnan, 1973; table 1, p. 30) 

ALFA0 band absorption parameter (cm-1 / gm-2) , α0  

(Edwards, Balakrishnan, 1973; table 1, p. 30) 

NBI number of the bands in molecule i, N 

(Edwards, Balakrishnan, 1973; table 1, p. 30) 

W0 band absorption parameter (cm-1) 

(Edwards, Balakrishnan, 1973; table 1, p. 30)  

B0 band absorption parameter (dimensionless) 

(Edwards, Balakrishnan, 1973; table 1, p. 30) 

NYYC location of the band spectrums, νc (cm-1) 

(Edwards, Balakrishnan, 1973; table 1, p. 30) 

MG molecule weight of the gas components, (g/mol); 

XI molecule fraction of the gas components. 
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2. Subprogram TRANS 

The transparency τ (=1-ε) is calculated to every gas component every band. In 

addition, it is calculated the relation between the bands and the distance of the bands. 

 

The call of the subprogram: 

C   CALCULATE TRANSMISSIVITY AND LINE WIDTH TO SPACING RATIO 

C   FOR EACH BAND AND EACH GAS COMPONENT 

      CALL TRANS(CGASI,XI,P,P0,TG,T0,NYIG,NBI,B0, 

     +           A,D,ZONEL,L0,MG,W0,ALFA0,M,NYYK,TAUIJ,BETAP)  

 

The parameters of the subprogram: 

P total pressure (atm); 

P0 referense pressure (1 atm); 

TG temperature of the gas (K); 

T0 reference temperature of the gas (100 K); 

ZONEL optic meter (m); 

L0 reference of optic meter (1 m); 

TAUIJ transparency of the band (dimensionless), τi,j; 

BETAP the ratio of the wave width to the distance between the lines 

(dimensionless), product βijPe. 

 

3. Subprogram ABAND 
 

This subroutine is calculating the band absorption Aij of a single band, and put the 

band’s minimum and maximum around the band centre vc. In the calculation of band 

absorption so called “four-region” approximation, in which the absorption is 

presumed to happen in four different zones according to table 2, is used. The 

experimentally defined initial data needed by the model in calculations of the band 

absorption are fitted accordant with table 2 correlations.  
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Table 2. Calculation of the band absorption with “four-region” method (Ahokainen, Tapio, 2001. 
EWBM-ohjelman käytöstä ja taustasta). 
 
zone of absorption conditions A*

k=Ak/ω 
linear zone 
τ small, P big 

1, ≤kHτ  

kkH ητ ≤,  kHkA ,
* τ=  

square root zone 
τ small/big, P small 

1, ≤≤ kHk τη  
1, ≤kHτ  kkHkkA ητη −= ,

* 4  

logarithmic zone 
τ big, P small kH

k
,

1 τ
η

<  

1≤kη  
( ) kkHkkA ητη −+= 2ln ,

*  

logarithmic zone 
τ big, P big 

1, ≥kHτ  
1≥kη  

1ln ,
* += kHkA τ  

 
 

The call of the subprogram: 

C    CALCULATE BAND ABSORPTION 

      CALL ABAND(CGASI,NBI,XI,BETAP,TAUIJ,W0,TG,T0,P,P0,ZONEL, 

     +           L0,NYYC,NYIG,NYYI,TAUGI) 

 

The parameters of the subprogram: 

NYYI 

 

the max and min of the band and the location of the centre of the band in 

wave number zone (cm-1) 

TAUGI transparency of the bands of the gas components  

 

4. Subprogram NYYDIV 
 

This subprogram is dividing the wave number spectrum to blocks. Wave number 

zone (1-8500 cm-1) is divided to 1 cm-1 pieces, which transparency is first set to 

value 1 (totally transparent). After this all bands of the gas components are looked 

through and the transparency is multiplied by the transparency of the band.  

 

The call of the subprogram:  
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C     DIVIDE ENTIRE SPECTRUM INTO BLOCKS 

CALL NYYDIV(CGASI,NBI,NYYI,NYIG,NYY,NNYY,TAUGI,TAUK) 

 

The parameters of the subprogram (rest as they were before): 

TAUK transparency of the block. It is obtained multiply by transparency of all 
component, or ∏= igkg ,, ττ , in which τg,i is the transparency of single gas 
component’s band equation (Edwards D.K., 1983; equation 63, 
p. 2.9.5-12) 

 

5. Subprogram DELTAF 
 

This subroutine is calculating the total absorptivity of the gas mixture. It is looked 

through the whole wave number zone (1-8500 cm-1) and calculated λT – minimum 

and – maximum, which is used to calculate numerical value from the cumulative 

function F0-λT  accordant with Siegel and Howell (1981). The emissivity of the block 

is multiplied by the difference Δ0-λT = F0-λT(λT)max - F0-λT(λT)min.    

 

The call of the subprogram:  

C     CALCULATE ABSORPTIVITY FROM THE FRACTIONAL FUNCTION 
      CALL DELTAF(TG, ALFA,TAUK) 
 

The parameters of the subprogram (rest as they were before): 

ALFA  absorptivity of the gas component, α. 
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