LAPPEENRANTA
“‘ UNIVERSITY OF TECHNOLOGY

Faculty of Technology
Department of Energy and Environmental Technology
Bioenergy Technology

RADIATIVE HEAT TRANSFER IN BOILER FURNACES

MASTER’S THESIS

Examiners  Professor Dr.Sc.( Tech.) Esa Vakkilainen

Professor Dr.Sc.( Tech.) Timo Hyppéanen

Alexander Maximov
Ruskonlahdenkatu 13-15 B14
53850 Lappeenranta

Finland
alexander.s.maximov(@gmail.com
tel. +358 44 9452181



ABSTRACT

Lappeenranta University of Technology
Faculty of Technology
Bioenergy Technology

Alexander Maximov

Radiative Heat Transfer in Boiler Furnaces
Master’s thesis

2008

94 pages, 14 figures, 2 tables and 2 appendices

Examiners  Professor Dr.Sc.( Tech.) Esa Vakkilainen
Professor Dr.Sc.( Tech.) Timo Hyppéanen

Keywords: Heat transfer, radiation, combustion, circulating fluidized bed, modeling

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 sdteilylimmonsiirrolle tarvitaan parempia malleja. Kun
prosessi hallitaan hyvin, tulipesén toiminta voidaan optimoida niin ettd syntyy vain
vihdn paistojd. Se tekee prosessista ympdristdystivillisen. Jos on olemassa parempi
malli uunille, pystytddn paremmin selittimédén mitd tapahtuu uunin sisélla. Kéyttaen
mallia, voidaan nopeasti ja helposti arivoida kuinka tulipesd toimii biopolttoaineiden,
kosteiden ja vaikeiden polttoaineiden kanssa ja tarvittaessa parantaa toimintaa. Mallit
auttavat paremmin arvioimaan tulipesdn mittoja ja tuottavat tarkempaa tietoa
toiminnan ymmartdmiseen.

Pédpuute nidissd malleista on ollut siteilevin lammonsiirron malli hiukkasia
sisdltdviassd kaasussa. Ilman hiukkasia, sdteilevd lammonsiirto voidaan laskea
kohtuullisesti.  Virtauslaskentaan nykyisilldi malleilla on kaksi ongelmaa.
Ensimmadinen on tarve ottaa huomioon kaasu joka sisdltdd partikkeleita ja toinen on
nopean algoritmin puute. Nopeaa laskentaa tarvitaan jos siteilevd ldmmonsiirron
laskentaa tehddén laajalle CDF mallille. Laskenta hidastuu jos pitdd kdyttdd aikaa,
laskettaessa séteilevid ominaisuuksia uudelleen ja uudelleen.

Tamd diplomity0 esittdd nauhamallin sidteilevddn lammonsiirtoon tulipesissa.
Hyotynd ovat laskennan nopeus ja prosessissa olevien partikkeleiden huomioon
ottaminen.
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NOMENCLATURE

Roman letters

A

Bo

Co

dE
dQ.
dx
E4

Ey
Ey;

E,

absorption coefficient, 4 =
Jall

coefficient, proportional to a distribution velocity of elastic waves in a
liquid
constant, defined by practical consideration

Boltzmann relation
real body radiation coefficient, C = & x C, [VV(MZ « K4)}

factor of an absolutely black body radiation,

C, = o, x10° =5.67V%m2 K

velocity of light, ¢ ~ 3-10% [m/s]

velocity of light in a vacuum (2.9979-10° [m/s])
specific heat capacity of liquids at constant pressure
weight of one particle in a volume unit

specific heat at constant volume

transmission coefficient, D = —2

Jall
diameter [m]
absorb energy
thermal flow [W]
layer of the dx thickness the particles which have met on a beam way
absorbed radiation energy
total radiant flux surface density [W/m?]
flux density of total radiation of absolute black body
flux density of spectral radiation of absolute black body
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Loy

T

I
Lx.w)
k

K

x

Ki

K

K,

[

[

radiation energy gets through the body
falling radiation energy

energy of a beam on an input on the medium
reflected radiation energy

height of overall riser

Planck's constant (6.6261-107*Js)

conductive and convective heat transfer coefficient

convection and conduction heat transfer coefficients in the emulsion

heat transfer coefficients for conduction through the gas vacuity
coefficient of radiant heat transfer
total heat transfer coefficient

spectral radiant intensity of an absolutely black body at the wall

0s

temperature, [ =

spectral concentration of a radiant flux of absolutely black body,

dE
1, =%
0A4i d/l

E_ fall

spectral radiant intensity of radiant flux falling to the wall, /., = ——

spectral radiant intensity to the / direction
radiative intensity
refracting index

mean value of the attenuation coefficient

Boltzmann constant (1.3805x 107 J/K)
Kirpichev relation

scattering coefficient of the emulsion layer
extinction coefficient of the emulsion layer
total layer thickness of the medium.

average free path of gas molecules between concussions



qc
qhe
qr

Re,

R
Rls

(tp-11)
At

T(v)

characteristic dimension of the weakening medium

effective thickness of a radiating layer

number of the particles

number of the particles in a volume unit of the medium

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

density vectors of the heat flow at the convection

density vectors of the heat flow at the heat conduction

density vectors of the heat flow at the radiation

) . E
coefficient of reflection, R = —£

fall
attenuation medium coefficient
Reynolds number, Re, = Ungdp

H
attenuation medium coefficient
reflectance of the wall

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

. L
contact time, t = —
Up

thermal head [K]

temperature difference [K]

temperature [K]

local temperature

temperature of body surface [K]
temperature of bulk suspension [K]

gas temperature [K]

temperature of ambient environment [K]
wall temperature [K]

temperature of outside pipe wall [K]



wi, wa, wo,  weight coefficients
w; coefficient of weight in the j direction

X coordinate is substituted by the optical depth 7 = K| (x -0 )

4

Greek letters

o serve as form function and body measurement, regime of motion,
velocity and temperature of liquid, physical parameters of liquid and
others magnitude

o, medium absorptivity characterizing the relative change of radiant

intensity on unit of a beam length

Y azimuthally averaged scattering phase function
Og gas gap thickness
e blackness degree
Eis spectral blackness degree
0 polar angle
A . : w
heat conductivity coefficient {m—}
Ao meaning of heat transfer coefficient at temperature 7y
Ai radiant intensity of a wave length
Am maximum at certain of a wave length
AVt factors described by heat transport with thermal conduction
U molecular weight of gas

oscillation of frequency

T mathematical constant, 7 ~3.14159
p density of gas [kg/m’], liquid density [kg/m’]
p wi factors describing by heat transport with thermal convection

Pp particle density [kg/m’]

Psusp suspension density [kg/m3 ]
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SN

_ - W
Stefan — Boltzmann constant, o, =5.67 x10 %mz < K*)

attenuation coefficient

. . . . K
spectral scattering reflective of the emulsion estimated by Q = KS
t

average transfer velocity of gas molecules

. . : X
an interval from the center line of a riser, ¢ =1— X

Abbreviations

BFB
CFB
CFD
CH4
CHP
CO
CO,
DEM
e
€181
€282
H,O
NO
WM

bubbling fluidized bed boilers

circulating fluidized-bed boiler

Computational Fluid Dynamics

methane

combined heat and power

carbon monoxide

carbon dioxide

differential emissivity method

equivalent or effective

gas medium has a selective-grey radiation in the form of the 1 strip
gas medium has a selective-grey radiation in the form of the 2 strip
water, water vapor

nitrogen monoxide

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/m’K 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.
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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)

moving
direction of
flue gases

circulating
furnace

sluiceway

to the ash
disposal

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 A, W/(mK) is defined from following equation:
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g (1

Q=—adl
| gradt |

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:
A=A x[1+b(t-1,)] 2

, where: Ay — meaning of heat transfer coefficient at temperature to; 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:

wlep 3)
3

A
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where: @ — average transfer velocity of gas molecules, I - average free path of gas
molecules between concussions, ¢, — specific heat at constant volume, p— density

of gas.

Average speed of moving of gas molecules depends on temperature:

—  [3xR,xT (4)
W=, ———
MU

, where: R, — universal gas constant (R,= 8314.2 J/(kilomoleK) ), p — molecular

weight of gas, T — temperature, K.

The heat conductivity coefficient A 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:

ch (5)

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

density of liquid, p — 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

A'c, ~ const.(Isachenko V.P., et. al., 1975)
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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 p x o kg/(m’s) passes through a surface unit in a unit of time, then

together with it enthalpy (J/ m’s) is transferred:
5canv = pa)}‘ (6)

, where: o — velocity, o — 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:

4=+ G = AV + pai (7)

, where: 5 — local meaning of heat flow density at the expense of convective heat

exchange, AVt — factors describing by heat transport with thermal conduction, pg)i —

factors describing by heat transport with thermal convection.

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:

dQ, = ax(t, —t,)x dF (8)

, where: dQ_ — thermal flow (W), from liquid to the element of contact surface dF,
proportion to dF and temperature difference At = (tb —t,), where in one's part ¢, —
temperature of body surface, ¢, — temperature of ambient environment (liquid or

gaseous), (¢, —¢,) — thermal head.

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

then Newton-Rihman law can be written as:

Qc:ax(tb_tl)xF )
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, where o — 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 i1s 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 CO, and H,O 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 ¢=299792458~3-10° 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 (A) or frequency of
fluctuations (v = % ). All kinds of electromagnetic radiation have the identical nature

and vary in wave-length.
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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 o. 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: CO, and

H,O 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 T,, and a wall T,. 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 e;g; and e»g,. 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)
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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 (A) and an oscillation of frequency v = % , where ¢ — a velocity of light in

Vacuum(c:3><108ms ).

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 A = 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/m®). 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 Ej,, falling on a body is absorbed
(E,), a part is reflected (Er) and a part gets through it (Ep).
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Ea E:

Figure 5. Radiant energy distribution which incident on the body (Baskakov, 1991, Heating
Engineering).

Thus a heat balance equation will be of the form:

E,+E,+E,=E, (10)
This heat balance equation can be written down in the dimensionless form:

A+R+ D=1 (11)

E,

, where: A — absorption coefficient (A4 = ); R — coefficient of reflection

fall
E, . . E,

(R= ); D — transmission coefficient (D = ).
Jall fall

The body absorbing of all radiation falling on it is called as absolutely black. For this
body 4 = 1. Bodies, for which coefficient 4 < 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.
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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 4 = 0.98. The glass is transparent in a visible part of a

spectrum, and it is not transparent for thermal beams (4 = 0.94).

Basically solid and liquid bodies radiate energy at all wave lengths in the range from
0 to oo, 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 CO, and H,O 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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E,=E+RxE,, (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 /), = % , characterizing of radiant intensity on to the given

of a wave length A, has a maximum at certain of a wave length A . The value 4,

(micron) is connected with absolute temperature 7 of a body by the Wien law:

2.898 (12)

" 10°T

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

(T =5800K) the maximum is suit on a visible part of a spectrum (A4, =0.5
microns), and in the electro heater radiation (7 = 1100K ) 4, =3 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:

E,=oc,xT"* (13)

, where: 0, =5.67 x 107 V%mz % K* )~ Stefan-Boltzmann constant.
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Usually for technical calculations a Stefan-Boltzmann radiation law is written down

as:

4 (14)
E,=Cx L
100

, where: C,=0,x10° =5.67 V%mz <K is called as a factor of an absolutely black

body radiation.

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

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

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

body:

E (15)

, where: & — blackness degree.
Blackness degree & 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:

4 4 (16)
E=exE =¢xC;x i =(Cx i
100 100

. _ _ .o . W
, where: C =& x C, —real body radiation coefficient ( /(m2 y K4)j.
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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. &= 4. In according to this law the relation of radiation energy to

absorptance (gj 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)

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 m? 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.
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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 (£) 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

2
product of a cross-section of one particle o and its numbers n. The number n; of
the particles in a volume unit of the medium is to equally relation of its weight ¢, in a

volume unit (kg/m3) to the weight of one particle with density p ,

¢, x6 (17)
n=——-——-
p,xmxd
, where: number of particles in the volume of a layer with the dx thickness:

n=nxdx.
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From an equation 17 follows:

2 6
" %0 dv=—Ex1.5x
p,m dp,

¢, (18)

dE =—-FE x X dx

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

next equation:

1.5¢ (19)
E=E exp| ——%x
dp,

.SCP

If in the equation 19 we symbolize through y, and thickness of a layer

p

through /, the result is:

E=Ee™” (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 y is increased with

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

The absorptance of a dusty medium layer with the thickness x =/ is equal:

1)

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 i, and also the
size of /, usually replaced on size /., 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 CO, and H,O 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 4 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
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thickness of an absorbing medium layer. Radiant intensity on the separate
wavelengths at passage to / direction through an absorbing medium layer d/ is

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

1, =-a,l,dl (22)

, where: o, — 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 23
2= —a,dl )

A,
If to assume thatat /=0, 1, ,=1,,_,, after integration of last equation it turns out:

(24)

1
7Ja4d1
—_ 0
],1,1 = 1/1,1:09

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

direction / 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 /, to the
energy falling on the border of this layer:

a, (25)
4 = L0 —1;, —l—e { !
= =
1].,1:0
Next the optical thickness of the medium is introduced:
(26)

1
L, =—[a,dl
0

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

thickness of the medium will be equal:
L, =a,l (27)
, where: [ — total layer thickness of the medium.

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

medium, will become:
],1,1 = ,1,1=oe_LZ (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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A, =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:

g, =4, =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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dl, = (I, - 1I,)a,dl (31

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

medium in a layer with the thickness d/, as well as earlier is defined by value /,«,dl .

It is possible to express the intensity of own radiation through the intensity of
absolutely black body and absorption coefficienter, by value/ o ,d!. 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 d/, that results in differential equation (31). In it, as before,
I, —is a spectral radiant intensity to the / direction; /,— is a spectral radiant intensity
of absolutely black body at the medium temperature. The index 4 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 7, = 2 .
o,
32
an_ g (32)
dl 4r

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

(33)

1 ] lj
I,=1_, exp(— jaile + jallo exp[— Ialdl”jdl'
0 0 A

The first item defines an intensity part of falling radiation /,_,, passing a way from 0
to /; the second item is intensity of self-radiation, arising on all extent of medium
clements with the length dl' and transferred from /" to /, where 0</'</ and

dl" lays on a section [ —/".
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Whole dependence (33) would express the intensity of radiation as a function of

point coordinates, / 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:

L=1_e"+1(-¢") (34)
Considering (29) is derived:

I=1_1-4,)+1,4, (35)

Radiation intensity inflowing in the medium on the border /=0, is evaluated of the
surface properties, limiting an absorbing medium. For a diffused wall (at D=0) is

derived:

E E 36
Ilozé‘ﬂsi-’_Rﬂs% (6)

, where: &, and R, — spectral blackness degree and reflectance of the wall,
I, =& — spectral radiant intensity of an absolutely black body at the wall
p/a

E.
temperature, /,, = S _ spectral radiant intensity of radiant flux falling to the
V4

wall.

For the grey wall ¢, and R, do not depend on the wave length. Substituting

equation (36) in correlation (35) and having integration on a spectrum is derived:
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» (37)
I, = %JA I:(gﬂ.YEOS + R, E Xl -4, ) +A4,E.4, }M
0
or
(38)

1 o0 o0 o0

I = _{g{am -| EOSaidxlj + RS[EM - Efallaid/lj + JEMala%}
4 0 . 0 . 0

, where: E,;, E, — fluxes density of spectral and total radiation of absolute black

body at the medium temperature 7.

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

blackness degrees of the medium:

1 7 _ 1 7 (39)
A=—o { Eyoydds &=— { E,a,dA

In the integral '[E @, dA the value E, decompounds from the energy, radiated of
0

the medium or other walls and traverse through the medium.

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 R, and instead of #-7.;

the coefficient R, carries the name of attenuation medium coefficient.
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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:

/ (40)

, where: %{ o 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 ¢, 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 %{ plays a
A

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

consider as a photon Knudsen number.

At L,<<1 the medium has optically small thickness and it is optically thin; at
L ,>>1the 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
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transfer depending on value L , . Condition L ,>>1 means that photon mean free path

is less of individual than the system size.

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 L,<<1 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, whenZ,— 0, 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 0 <L,<1 correspond to a

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

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:

divqu + divq_; + dichr =0 (41)
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, where: ¢,., q. and g, — density vectors of the heat flow at the heat conduction,

convection and radiation.

Dimensionless complexes are characterizing the contribution of various sorts of

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

PO Ol (42)

o, *’ Ar

, where: A — heat conductivity coefficient, » — attenuation medium coefficient, Bo —

Boltzmann relation, Ki — Kirpichev relation.

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:

o, Il (43)

, Where: T — representative temperature, / — characteristic linear dimension, A — 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:

Bu = «l, (44)

, where: [, — characteristic dimension of the weakening medium,

x — 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:

6]md = O-(Tmax4 - Tmin4) (45)

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

can be estimated:
jg.,=€coT* (46)

, where: & — 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:

_koT! (47)

qrad -

T

A gray body of area 4 in a black frame at 7y temperature will attain balance Ty
temperature. At balance the radiation consumed by the gray body equals the total

reradiate energy:

adg,=¢oT, (48)
, where: o — 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)

=) e | e | re | re >

Figure 7. Radiation of heat transfer to the screen-wall through the dust suspension.



58

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 (¢) in comparison to the radiation heat transfer in the medium with no

particles presented.

@ —
i i i R\

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/m’K 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 °C. Werdermann and Werther (1994) have informed, that radiation brings
approximately 33% of full transfer for non isothermal and 63% for isothermal
conditions at 858 °C. 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 °C, 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 °C. All these
experimental researches were conducted with relative densities of a suspension in a
range 2 - 40 kg/m’. 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
T, 1s treated as a dissipated surface with emissivity ey. 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 J, of this layer:

% =0.0287(1— £wec) ™ )

p

, where: &.c — the cross cell mean voidage calculated from the gradient of pressure

p susp
Py

along the riser and is equaledgsec =1- , where by-turn p =~ — suspension

density, and p, — 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 J., calculated

using the Bi et al. (1996) ratio:

o, +0

a 11341300 - 2o ) + (1= 2 ) (59)

for 0.80 < £ <0.9985
, where: X — a riser half-breadth.

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

Zhang et al. (1994):

o) =2 (0< g <1) 51)

X . . .
, where: ¢:1—} and x — an interval from the center line of a riser. For the

(5g_§e) 1_%
X

emulsion layer, ¢ expands from 1— to '

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

used:

) (52)
g=L=L _;_ ~0.023Re, +0.163 Iy +0.294(ij exp| —0.0054] ——
T,-T T H d

w P

, where: T, — the temperature of bulk suspension, 7, — the temperature of outside

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

U,p.d
equaledRe, = ZePely

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

%from 2.1t02.47 and %from 0.19 to 0.81.

w

8g Be

’ | Core region

Temperature
distribution
Gas gap

Voidage
distribution

Heat transfer
surface wall

Tw Te T(x) To
€w € Ee(x) €

(a)

x=0 FS‘ X F33+8¢

Gas layer Emulsionlayer Core region

/ Ir(rp-)

¥ o
(CAT)]

7K

- |

7=0 1 7=Kide

(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:

(33)
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, Where: £, — conductive and convective heat transfer coefficient, /4, — heat transfer
coefficients for conduction through the gas vacuity, 4, — convection and conduction

heat transfer coefficients in the emulsion, 4 — the coefficient of radiative heat

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

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):

T, (54)
g _ L k,dT
© 1,-T, (5,-T,)5,

, where 6, — 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 ¢ is to constitute following:
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keloecp.e (55)
he,local = T

At that the surface length average coefficient of heat transfer for a surface with

length L is to represent following:

kp.C (56)
ho=L th, dL =2, |~Lepe
e,ave L 0 @loca

: L . : .
, where: ¢ — contact time (¢ = U ), U, — falling velocity of fractions in the
p
emulsion layer, k, — packet effective conductivity.

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

(1971) correlation:

k (57)
(I—g)1--%
kP
k =k, |1+ —
’ ¢ k 0.63 A
k—g +0.28¢," {k,,]

P

Clusters heat capacity and effective density are calculated, as:

p.=p,1=6.)+pe. (58)

and

59
cp’ech’p(l—ge)&+cp,gge& (59)
Pe Pe

(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:

0.(x)=J; | 22] 1.x.)uau a2 (60)

, where: p=cos@ and @ —polar angle, /, (x, ,u) — radiative intensity.

The radiative intensity 7, (x, ) must to satisfy condition the radiative heat transfer

correlation (Siegel and Howell, 1992):

1 61
W) e )+ 2 VM (-0, () o

, where: y — azimuthally averaged scattering phase function, Q0 — spectral scattering

albedo of the emulsion estimated by Q= ?‘ , K, — scattering coefficient of the

emulsion layer, K, — extinction coefficient of the emulsion layer, x — coordinate is

substituted by the optical depth 7 = K, (x -0 )

4

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

given:

2, (62)
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!
. _ (- V _He
, where: ¢ =h(c,), c,= o

(2.9979x10° m/s), A" — Planck's constant (6.6261x10>* Js), A — wavelength,

¢, — velocity of light in a vacuum

k' — Boltzmann constant (1.3805x10>J/K), T (r) — local temperature.

The extinction coefficient K, is the amount of the absorption and scattering

coefficients (K, =K +K,). Self-contained dispersion occurs for inter-fraction

ud
clearance is ¢ = l” >5, according to Tien and Drolen (1987). This criterion is

contented for a CFB riser functioning with 7, > 400 °C and the group of B fractions,

and so:
3R, 63)
K, (x)=3 q [1-2(x)]
3(1-R,) 64)
(x)==3 7 [1-&(x)
K (x)= K. ()+ K, (0)= - [1 = (] (65)

K . . .
The albedo Q= ?‘ =R,, where R, - fractions reflectivity (R,=1-e¢,),

t

e, — 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 (7 ) phase function:

N L8 . o (66)
7(;1,,u)— 27;.[0 In (sm@ ®cos®)d‘{’

, where:
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cos® =yt + (1 - 12 ,(1 - ,uz)cos(‘lf —9) (67)

When g¢,(x)is estimated, then the corresponding heat transfer coefficient:

, _4,(c=0) (68)
- LT,

(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.

ﬂ% =~1,(z. 1)+ %iww(uiuj V(e.u)+ (1-Q)1,, () ©
i=12,..2n
, where: w; — coefficient of weight in the j direction.
The directions are picked out to provide that:
(70)

2n
2];””1‘1“ =D wiu,"
=1

m=123,..2n-1
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. . 1
, where: w,,w,,w,, —weight coefficients (w, =w, =...=w,, = - ).

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

I/l(Tk+19:Lti)= (71)

K“] - ;}A (0,8)+ 222nw,7(ﬂiﬂ,- )Ii[fh;,ﬂiJ + @[I e+ 1 ()]

AT = 2
(Mjg
{ At ) 2

k=12,.,N
The radiative heat transfer flux is calculated as:

(72)

M 2n
q,(r=0)=273 {ZW, PARACE O,u,»)}Mp
p=l Jj=1

, where: total wave length range is replaced from 0 to co, without loss of precision, by

a restricted succession with M wave length intervals A4 .

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 °C.
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The heat opposition in the gas layer prevails for convective and conductive heat

transfer, so that /.. 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.

Transition Band
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(a) (b)
Figure 10. A high-resolution spectrum of CO,, an example of spectrum lines (a). Low resolution

spectrum of CO,, an example of the bands (b). (Ahokainen, Tapio, 2001. EWBM-ohjelman kaytosté
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: ® — band width parameter, B — line width parameter and
a — 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 B, the width of the band with parameter ®
and the relation of the intensity (S) to the distance of the lines (d), (S/d), with
parameter a. The model do not give information of the shape of the lines, but only
models how (S/d) and n (=BP.) changes in function of wave number. In this the
parameter 1 is the relation of the line width to the distance of the lines, and P, 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 7, 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:

TH,kSI s Tux ST s A*ker’k (73)

2. The square-root region for small to moderate optical depth and low pressure:
1 . ! (74)
M <ty <— ,m <1, A :(4771(2'11,1{)5_771{

k

3. The log-root region for large optical depth and low pressure:
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1 . (75)
— <t s M <1, A =ln(rH,k77k)+2—77k
k
4. The log region for large optical depth and high pressure:
T2l 21, Av=Inr,, +1 (76)

(Edwards D.K., 1983)

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

polynome fit of source:

Ty (77)
P d - Pe

(Lallemant, 1996)

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

Bi; with temperature:

1 (78)
_ a1 ) @)
A=A [Tj O(T;)
, where: ®(T) is estimated as:
? (79)

N =

i“ i |:(Vk +g, +6, _1)! o

=1 v, =vo 4 (gk - 1)!Vk!

O(T) =
( ) i i (vk+gk +|5k|_1)€*ukvk

k=1v;=vy, (gk - 1)'vk'

(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 ®(7) is abridged to the determination of the infinite series

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

Total emissivity is estimated by “block-approximation”:

N - % v (80)
£, EZ(I—Tb,k{f( [}L,’k}—f( b;’kﬂ

, where: 75+ — spectral block transmissivity, v,, , — lower wave number limits of

block &, v, , — upper wave number limits of k block, 7' — temperature of the gas,

f(x) — fractional function of blackbody radiation.

Parameters for the model have adapted by fit the model to the measured data, which
has made to the 6 gas component (H,O, CO,, CO, CH4, SO, 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™ — 10 000 cm™, 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 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 i™ species and /™ band. There is a following equation of
uniform gas layer absorptivity with length L:

(81)

a,;; =l-exp

, Where: (%) ~ — line spacing intensity, p; — absorber density, f;; — line width to
L]

spacing attitude for an attenuate mixture at atmosphere pressure z times, P,; —

equivalent of an atmosphere expansion pressure.

The quantities (%) and f; 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:

P, = [% +(% )(bi _1)}" (82)

, where: P — total pressure, P; —partial pressure of absorbing gas, Py — an atmosphere,

b;— self-broadening coefficient (CO,, CO etc.)
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A wide band model can be used to impose how (%) and f;; change with v wave

i

number. Just as a wide band the exponential band model can be used successfully:
0 83
4=, 53)

There are three crude band shapes for the exponential band model. The first one is

for symmetrical band with v,;; center:

(‘V) = %) eX _ Z‘V _ V"»i?.i‘ (84)
dh; = P .
i, LJ
The second one is for a band with an upper v,,;; wave number head:
_ 85
(%)v,i,j =0, v> Viij > (8
S Gl T (s =)
(%Z)v,i,j - . . eXpI: ! A j:l s V < vu,l',j
L] >
And the last one is for a band with a lower v;;; wave number head:
_ 86
(%)v,i,_/ =0 vy, (80

(S/d)v,i,j — %exp[_ (V — V;,z‘,j)/a)i’j} > Vi

i,J

Then the exponential band absorption equation is simplified to the values assignment

(ai, ,, Pij, wi;) against temperature.
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In writing the i, j indexes are temporarily withdrawn for simplicity. There is
following approximating correlation for a(7) of the molecular behavior with

harmonic-oscillator type wave functions:

m (87
[l—exp(—Zi u,0, H‘I’(T) )
a(T) =« ’::1
{1 - exp(— ZJ—r U 1Oy H\P(To)
k=1
, where: T) =100 K,
$ 5 (v + g+ =1} L, (88)
hev, hev, =1 v, =vo (gk — 1)!vk'
u,= s Uy = , Y(T) = — —
kT kZWO Z z (vk + gk 1) —UVy

The statistical weight g is unity for non-degenerate vibrations, 2 for the v, mode of
CO,, 2 for the v, vibration of CH4 and 3 for the v; and v, modes of that molecule.
The value of vy, = 0 if a plus sign is associated with J in the upper state (v;= oy, ...,

== 510 )
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Figure 11. Optical depth parameter (a) H,O, (b) CO, and CO (Edwards D.K., Balakrishan A., 1972.
Thermal radiation by combustion gases. U.S.A.).

Figures 11 and 12 show how 7y and f modify with T for the more important bands.
The amount 7 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):

a, ;pL (89)

@, ;

Thij =

In the instance of the pure rotational water vapor band 7y at v = 500 cm™ is

diagramed. If the value is larger than 3 the infrared from 0 to 500 cm™ 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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Figurel3 shows a universal band absorption curve of growth for purposes of

calculating band absorption and total absorptivity or emissivity.
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There will be following “block™ approximation for the total absorptivity of a gas at T’

temperature for source 7, temperature:

- . 90
SR A :

J

(Edwards D.K., Balakrishan A., 1972)
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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 c~3-10° 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.



81

REFERENCES

Ahokainen, Tapio, 2001. "EWBM-ohjelman kdytostd ja taustasta". Of use and
background of the EWBM-program. (in Finnish)

Al-Busoul M.A., 2001. Bed-to-surface heat transfer in a circulating fluidized bed.
Int. J. Heat and Mass Transfer, 38, Springer-Verlag 2002, pp. 295-299.

Baskakov A.P., Leckner B., 1997, Radiative heat transfer in circulating fluidized bed
furnaces. Powder Technology, 90, pp. 213-218.

backakoB A.Il, 1991. Temnorexuuka. M., Baskakov A.P., 1991. Heating
Engineering. Moscow, pp. 90-96. (in Russian)

Basu P., 1990. Heat transfer in high temperature fast fluidized beds. Chemical
Engineering Science, 45, pp. 3123-3136.

Basu P., Konuche F., 1988. Radiative heat transfer from a fast fluidized bed. In P.
Basu, J.F. Large, Circulating fluidized bed technology II. Toronto: Pergamon, pp.
245-253.

Basu P., Nag P.K., 1987. An investigation into heat transfer in circulating fluidized

beds. International Journal of Heat Mass transfer, 30, pp. 2399-2409.

Bi X.T., Zhou J., Qin S.Z., Grace J.R., 1996. Annular wall layer thickness in
circulating fluidized bed risers. Canadian Journal of Chemical Engineering, 74, pp.

811-814.



82

Chen J.C., Cimini R.J.,, Dou S., 1988. A theoretical model for simultaneous
convective and radiative heat transfer in circulating fluidized bed. In Basu P., Large

J.F., Circulating fluidized bed technology II. Toronto: Pergamon, pp. 255-261.

Darling, Scott L., 1999. Foster Wheeler's Compact CFB; Current Status, Foster
Wheeler Inc., (available at

http://www.fwc.com/publications/tech_papers/powgen/compact.cfm ).

Edwards D.K., 1983. Gas radiation properties. Heat Exhanger Design Handbook.
No. 5 Physical Properties. VDI-Verlag GmbH, Hemisphere Publishing Corporation.

Edwards D.K., Balakrishnan A., 1973. Int. J. Heat Mass Transfer, Vol. 16, Pergamon
Press 1973, Great Britain, pp. 25-40.

Edwards D.K., Balakrishnan A., 1972. Thermal radiation by combustion gases.
U.S.A., pp. 25-38.

Fang Z.H., Grace J.R., Lim C.J., 1995. Radiative heat transfer in circulating fluidized
beds. Journal of Heat transfer, 117, pp. 963-968.

Gelperin N.I., Einstein V.G., 1971. Heat transfer in fluidized beds. In Davidson J.F.,
Harrison D., Fluidization. London: Academic Press, pp. 541-568.

Glatzer A., Linzer W., 1995. Radiative heat transfer in circulating fluidized beds. In
Large J.F., Laguérie C., Fluidization VIII. New York: Engineering Foundation, pp.
311-318.

Golriz M.R., 1995. An experimental correlation for temperature distribution at the
membrane wall of CFB boilers. In Heinschel K.J., Proceedings 13th international

fluidized bed combustion conference. New York: ASME, Vol. 1, pp. 499-505.


http://www.fwc.com/publications/tech_papers/powgen/compact.cfm

83

Goody R.M., 1964. Atmospheric radiation 1. Theoretical basis. Oxford University
Press, London, p. 153.

Han G.Y., 1990, Tuzla K., Chen, J.C., 1992. Radiative heat transfer from high

temperature suspended flows. Presented at A.I.Ch.E. annual meeting, Miami. USA.

IM K.H., 1992. Radiation properties of coal combustion products. Int. J. Heat Mass
Transfer, Vol. 36, No. 2, Pergamon Press Ltd., 1993, Great Britain, pp. 293-302.

Ucauenko B.II., OcunoBa B.A., Cykomen A.C., 1975. Temnonepenaua. M.,
Isachenko V.P., Osipova V.A., Sukomel A.S., 1975. Heat transfer. Moscow, pp. 7-
255, 357-370. (in Russian)

Kucenes H.A, 1979. Korenpubie ycranoBku. M., Kiselev N.A., 1979. Boiler
installations. Moscow, pp. 134-156. (in Russian)

JlapuxoB H.H., 1985. Tennorexnuka. M., Larikov N.N., 1985. Heating Engineering.
Moscow, pp. 262-274. (in Russian)

Lallemant, Weber, 1996. Int. J. Heat Mass Transfer. Vol. 39, No. 15, pp. 3273-3286.

Leckner B., Andersson B.A., 1992. Characteristic features of heat transfer in
circulating fluidized bed boiler. Powder Technology, 70, 303-314.

Lints M.C., Glicksman L.R., 1994. Parameters governing particle-to-wall heat
transfer in a circulating fluidized bed. In Avidan A.A., Circulating fluidized bed
technology IV. New York: A.I.Ch.E., pp. 297-304.



84

Luan W., Lim C.J., Brereton C.M.H., Bowen B.D., Grace J.R., 1999. Experimental
and theoretical study of total and radiative heat transfer in circulating fluidized beds.

Chemical Engineering Science, 54, Pergamon, 1999, pp. 3749-3764.

McMordie R.K., 1962. Steady-state conduction with variable thermal conductivity.
Journal of Heat Transfer, 84, 92-93.

Mickley H.S., Fairbanks D.F., 1955. Mechanism of heat transfer to fluidized beds.

American Institute of Chemical Engineers Journal, 1, 374-384.

Mickley H.S., Trilling C.A., 1949. Heat transfer characteristics of fluidized beds,
Industrial Eng. Chem., 41, pp. 1135-1147.

Modest M.F., 1993. Radiative heat transfer. New York: McGraw-Hill.

Richter W., Michelfelder S., Vortmeyer D., 1993. Thermal radiation in furnaces.
VDI Heat Atlas, pp. Ke 1-10.

[eroneB M.M., 1953. TorumBo, TONIKK W KOTEIbHBIC ycTaHOBKH. M., Schegolev
M.M., 1953. Fuel, furnaces and boiler installations. Moscow, pp. 287-379. (in

Russian)

Senior R.C., 1992. Circulating fluidized bed fluid and particle mechanics: modeling
and experimental studies with application to combustion. Ph.D. dissertation,

University of British Columbia, Vancouver, Canada.

Cupnenbkosckuii JI.LH., FOpenes B.H., 1988. KoTenbHble yCTaHOBKU IPOMBIIIIIEHHBIX
npeanpustuii. M., Sidelkovsky L.N., Yurenev V.N., 1988. Boiler installations of
industrial enterprises. Moscow, pp. 182-210, 303-322. (in Russian)



85

Siegel R., Howell J.R., 1981. Thermal Radiation Heat Transfer (2nd edition)
Washington: Hemisphere Publishing Corporation, Appendix A.

Siegel R., Howell J.R., 1992. Thermal Radiation Heat Transfer (3rd edition)
Washington: Hemisphere Publishing Corporation.

Stefan Braun, Ingo Cremer, 2004. Radiative heat transfer in technical applications,

Norway (available at www.fluent.com).

Steward F.R., Couturier M.F., Poolpol S., 1995. Analysis for radiative heat transfer
in a circulating fluidized bed. In Heinschel K.J., Proceedings of the 13th international

fluidized bed combustion conference. New York: ASME. Vol. 1, pp. 507-513.

CreipuxoBuy M.A., Katkosckasa K., CepoB E.I1., 1959. KotabsHbie arperatsl. M.,
Styrikovich M.A., Katkovskaya K.Y., Serov E.P., 1959. Boiler installations.
Moscow, pp. 9-16, 145-159. (in Russian)

Tien C.L., 1988. Thermal radiation in packed and fluidized beds. Journal of Heat
Transfer, 110, pp. 1230-1242.

Tien C.L., Drolen B.L., 1987. Thermal radiation in particulate media with dependent
and independent scattering. Washington, DC: Hemisphere Publishing Corporation,
pp. 1-32.

Vakkilainen E.K., 2003. Steam Generation from Biomass. Finland, pp. 1:23-28,
4:32-39.

Vortmeyer D., Brummel H.-G., 1993. Thermal radiation from gas-solids mixtures.

VDI Heat Atlas, pp. Kd 1-6.


http://www.fluent.com/

86

Weiner M.M., Edwards D.K., 1968. Theoretical expression of water vapor spectral
emissivity with allowance for line structure. Int. J. Heat Mass Transfer. No.11, pp.

55-65.

Werdermann C.C., Werther J., 1994. Heat transfer in large-scale circulating fluidized
bed combustors of different sizes. In Avidan A.A., Circulating fluidized bed
technology IV. New York: A.I.Ch.E., pp. 428-435.

Zhang W., Johnsson F., Leckner B., 1994. Characteristics of the lateral particle
distribution in circulating fluidized bed boilers. In Avidan A.A., Circulating fluidized
bed technology IV. New York: A.I.Ch.E., pp. 266-273.

Zhang W., Tung Y., 1991. Radial voidage profiles in fast fluidized beds of different
diameters. Chemical Engineering Science, 46, pp. 3045-3052.



87

APPENDICES

Appendix I. Description of code.

Give the concentration of gases JX; in mole fractions (volume fraction). Give the

temperature 7 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.
2.
3.

Give T, P, L.

Choose the component, i=1...10 and the content .X;.

The band-absorption and the max and min values of the band (4; yax, min) are
calculated.

If there are more components continue from sequence 2.

The total wave number spectrum is divided to segments based on the
previously calculated values of 4; yax, min-

Absorptivity a of the gas mixture is calculated.

Factor of the absorption is calculated with formula: K = —M .

Figure 14 shows the function Fy. 7, 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 kéytdsti 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, v, Vi+; (cm’l), of the block. In
the next column (TAUGK) is the transparency of the block 7g;. In F-LOW column
value of cumulative function F(Ty/vi)=F(ATy) is calculated. The DF column is the
value of product e 4F; , 1.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 kiytosta ja taustasta).

ABSORPTION COEFFICIENT
GAS COMPOSITION:

H20  0.1800E+00

CO2 0.6000E-01

CO  0.3000E-01

GAS EMISSIVITY/ABSORPTIVITY = 0.3643211

= 0.1510206

GAS TEMPERATURE, PRESSURE, AND OPTICAL DEPTH:
TG : 0.1400E+04 KELVINS P : 0.1000E+01 ATMOSPHERES L:

NYY-LOW NYY-UPP TAUGK F-LOW DF SUMDF
0.00E+00 5.32E+02 1.37E-01 1.00E+00 5.86E-03 5.86E-03
5.33E+02 8.00E+02 3.18E-02 9.93E-01 1.34E-02 1.93E-02
8.01E+02 8.98E+02 1.37E-01 9.79E-01 6.32E-03 2.56E-02
B.99E+02 9.09E+02 1.00E+00 9.72E-01 0.00E+00 2.56E-02
9.10E+02 1.11E+03 9.00E-01 9.71E-01 1.93E-03 2.75E-02
1.11E+03 1.12E+03 1.00E+00 9.52E-01 0.00E+00 2.75E-02
1.12E+03 2.05E+03 3.31E-01 9.50E-01 1.02E-01 1.29E-01
2.05E+03 2.08E+03 1.74E-01 7.98E-01 4 59E-03 1.34E-01
2.08E+03 2.10E+03 5.27E-01 7.92E-01 2.16E-03 1.36E-01
2.10E+03 2.24E403 8.50E-02 7.88E-01 263E-02 1.62E-01
2.24E+03 2.41E+403 1.61E-01 7.59€E-01 3.16E-02 1.94E-01
2.41E+03 3.256+03 1.00E+00 7.21E-01 0.00E+00 1.94E-01
3.25E+03 3.48E+03 3.32E-01 5.34E-01 3.21E-02 2.26E-01
3.48E+03 3.84E+03 1.33E-01 4.86E-01 6.38E-02 2.90E-01
3.84E+03 4.24E+403 3.32E-01 4.12E-01 4.77E-02 3.37E-01
4.24E+03 4.26E+03 2.99E-01 3.41E-01 2861E-03 3.40E-01
4.26E+03 4.28E+03 9.00E-01 3.37E-01 269E-04 3.40E-01
4.28E+03 5.14E403 1.00E+00 3.34E-01 0.00E+00 3.40E-01
5.14E+03 5.15E+03 5.94E-01 2.11E-01 7.71E-04 341E-01
5.16E+03 5.24E+03 5.35E-01 2.09E-01 4.80E-03 3.46E-01
5.25E+03 5.56E+03 5.94E-01 1.99E-01 1.35E-02 3.59E-01
5.56E+03 7.0BE+03 1.00E+00 1.65E-01 0.00E+00 3.59E-01
7.08E+03 7.42E403 6.10E-01 6.32E-02 5.01E-03 3.64E-01
3.64E-01

0.3000E+01 METERS
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Appendix I1. 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° 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,CGASLNYIG,A,.D.M,NYYK,ALFAO,NBI,



WO0,BONYYC,MG,XI)

The parameters of the subprogram:

LGAS

CGASI

NYIG
A

NYYK

ALFAO0

NBI

WO

BO

NYYC

MG
XI

logical variable to the component i, is the component i included to

calculations;

character string variable to gas component i;
the number of calculated gas component;

the factor of parameter £ in polynome fit
(Lallemant, Weber, 1996; table 2, p. 3279)
vibration transition of the molecule, 64, &, ...
(Edwards, Balakrishnan, 1973; table 1, p. 30)
number of vibration transition, m

(Edwards, Balakrishnan, 1973; table 1, p. 30)
wave number of vibration transition, 1
(Edwards, Balakrishnan, 1973; table 1, p. 30)
band absorption parameter (cm™ / gm?) , o
(Edwards, Balakrishnan, 1973; table 1, p. 30)
number of the bands in molecule i, N
(Edwards, Balakrishnan, 1973; table 1, p. 30)
band absorption parameter (cm™)

(Edwards, Balakrishnan, 1973; table 1, p. 30)
band absorption parameter (dimensionless)
(Edwards, Balakrishnan, 1973; table 1, p. 30)
location of the band spectrums, v (cm™)

(Edwards, Balakrishnan, 1973; table 1, p. 30)

molecule weight of the gas components, (g/mol);

molecule fraction of the gas components.
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2. Subprogram TRANS
The transparency 7 (=1-¢) 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(CGASILXILP,P0,TG,TO,NYIG,NBI,BO,

+ A,D,ZONEL,LO,MG,W0,ALFA0,M,NYYK,TAUIJ,BETAP)

The parameters of the subprogram:

P total pressure (atm);

PO referense pressure (1 atm);

TG temperature of the gas (K);

TO reference temperature of the gas (100 K);

ZONEL  optic meter (m);

LO reference of optic meter (1 m);

TAULJ transparency of the band (dimensionless), 7j;

BETAP  the ratio of the wave width to the distance between the lines

(dimensionless), product S;P..

3. Subprogram ABAND

This subroutine is calculating the band absorption 4; of a single band, and put the
band’s minimum and maximum around the band centre v.. 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 kéytosti ja taustasta).

zone of absorption conditions A=A/

linear zone Ty <1 .

7 small, P big < Ak =1y,

T =1k

square root zone M <ty <1 .

7 small/big, P small . <1 Ak =407y, =,
H,k —

logarithmic zone <s

7 big, P small n, A = ln(ﬂkfﬁ,k )_,_ 2-n,
<1

logarithmic zone Ty 21 .

Tbig,Pbig S Akzan'H’k-i-l
7 21

The call of the subprogram:

C CALCULATE BAND ABSORPTION
CALL ABAND(CGASINBLXI,BETAP,TAUIJ,W0,TG,T0,P,P0,ZONEL,
+ LONYYCNYIGNYYLTAUGI)

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™)

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™) is divided to 1 cm™ 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(CGASLNBILNYYLNYIG,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 r_, =[]r,, in Which 7 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™) and calculated A7 — minimum
and — maximum, which is used to calculate numerical value from the cumulative
function Fy_ ;7 accordant with Siegel and Howell (1981). The emissivity of the block
is multiplied by the difference 4p..7= Foir(AT) max - Fo-17(AT) 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, a.
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