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Foreword

Furnace technology is very commonly employed, industrially and in the home.
The fuels available for furnaces include coal, oil, gas, and other combustible
materials. More than one half of the energy consumed by humans comes from
fossil fuel and biomass combustion; other energy sources include hydraulic,
nuclear, wind, and solar power. All the thermal energy created by combustion is
the result of a burning reaction between the furnace and combustible material,
which takes place in its boiler or stove. The processes that occur in a furnace
include not only combustion, but also flow, heat transfer, and mass transition.
Heat transfer is the most important process in the furnace, and the focus of
this book.

Heat transfer, one of the primary applications of thermal physics, covers
heat conduction, convection, and radiation. Comprehensive understanding (and
successful manipulation) of heat transfer is crucial for power engineering—
including, of course, furnace engineering. The furnace is a reactor for combus-
tion, in which the temperature is far higher than ambient, thus radiation is the
dominant mode of heat transfer. The majority of this book concerns the behav-
ior and principles of radiation heat transfer in furnaces.

There are normal modes of heat transfer in a furnace, such as the conduction
in the water-cooled tube wall and convection between tubes and flue gas. These
processes are not discussed in detail in this book because they are covered in
basic heat transfer courses—instead, they are simplified to calculate convection
heat transfer in the low-temperature area of the boiler flue gas passages after the
furnace. The complete thermal calculation method is described in this book as a
comprehensive boiler calculation process. Due to space limitations, there are
a handful of other important topics related to heat transfer that are not intro-
duced here (eg, numerical simulation of radiation heat transfer, heat transfer in
industrial ovens, and waste-heat-recovery boilers).

Heat transfer in furnaces is a fundamental issue that extends the basic prin-
ciples of heat transfer to specific thermal calculation for boilers. The informa-
tion in this book is provided under two essential criteria: first, indispensable
scientific rigor without theoretical exasperation, and second, delivering practi-
cal solutions to operational problems specific to boiler design. The information
in this book also represents a typical, scientific progression from theory to prac-
tice, which helps the reader to understand how to simplify a real and complex
problem to be solved according to theoretical physics; the basic approach taken
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by the authors involved both established engineering method and experimental
application, with the ultimate goal of offering the reader a relatively simple
and useful textbook as well as a valuable reference for future design of furnace
technologies.

This book was written by Yanguo Zhang, Qinghai Li, and Junkai Feng first
in Chinese. The current version, in English, was translated and edited by Yan-
guo Zhang, Qinghai Li, and Hui Zhou. Rongrong Cai also took part in the trans-
lation. The authors hope that this English edition will aid the successful and
fruitful development of academic and engineering contacts and understanding
between the Chinese community and non-Chinese communities which all have
common interests in boiler design or application.

Yanguo Zhang acknowledges with gratitude the support received from Gan-
glian Ren (former Chief Engineer of Beijing Boiler Works, China), Dr Jin Sun,
Professor Junfu Lv, and Ms Yi Xie. The authors would like to acknowledge Pro-
fessor Junkai Feng for invaluable guidance, and Professor Buxuan Wang for his
recommendation. The authors would also like to acknowledge the assistance of
our editors, Ms Qian Yang, Ms Qiuwan Zhuang and Ms Xin Feng from Tsinghua
University Press and the editors from Elsevier and typesetter Thomson Digital.

The authors’ special thanks go to Tsinghua University Teaching Reforma-
tion Program for partially financial support.

The authors would also like to point out that this book cites formulae and
other information from References [18] and [20] in chapter: Theoretical Foun-
dation and Basic Properties of Thermal Radiation, Reference [16] in chapter:
Heat Transfer in Fluidized Beds, and Reference [15] in chapter: Effects of
Ash Deposition and Slagging on Heat Transfer. Although some other valuable
literatures are referenced, it is difficult to cite them exactly in the text. We there-
fore list those literatures in the reference list. All of the references are greatly
appreciated.

Yanguo Zhang

Department of Thermal Engineering, Tsinghua University



Preface

Energy, communication, and material are basic elements which push modern so-
ciety forward in the processes of industrialization, electrification, and informa-
tion development. Most energy and power for modern devices come from fossil
fuels, which are combusted in furnaces to release heat by chemical reaction. In
a boiler furnace, radiation is the dominant mechanism of transferring heat from
flame and flue gas to the heating surface, combined with convection—the heat
is delivered from the surface to the inner media by conduction of the tube wall.
The physical and chemical processes in a furnace are a combination of combus-
tion, heat transfer, and flows, all of which are limited by engineering factors. All
devices related to combustion (including not only power plant boilers, turbines,
and engines, but several other industry boilers and stoves) must satisfy environ-
mental protection and economic demands.

This book was written based on a course on Heat Transfer in Furnaces
taught by the authors at Tsinghua University, Beijing, for several years. The
author would suggest that the reader first learn the basic scientific concepts of
heat transfer. This book provides a connection between fundamental theories on
the subject and real-world engineering applications, and the authors sincerely
hope it will serve as a helpful reference for the reader during complex engineer-
ing design endeavors.

This book contains seven chapters in total. After a brief introduction to the
essentials and basic principles of radiation in chapter: Theoretical Foundation
and Basic Properties of Thermal Radiation, radiative characteristics of flame
and flue gas (with walls) are examined in chapter: Emission and Absorption
of Thermal Radiation and chapter: Radiation Heat Exchange Between Isother-
mal Surfaces. Chapter: Heat Transfer in Fluidized Beds describes the relatively
novel concept of heat transfer in fluidized beds, which differs notably from
heat transfer in stock boilers or pulverized coal boilers. Chapter: Heat Transfer
Calculation in Furnaces provides thermal calculations for furnaces in three typi-
cal types of boilers. Chapter: Effects of Ash Deposition and Slagging on Heat
Transfer illustrates the effects of ash deposition and slagging on the heat trans-
fer of heating surfaces, and chapter: Measuring Heat Transfer in the Furnace
discusses furnace heat transfer measurement, including flame emissivity and
heat flux meters.

I strongly feel that this book contains unique and valuable characteristics,
including clear and accurate depiction of relevant concepts, simple and fluent

xi



xii  Preface

language, and a fascinating and practical extension of the authors’ combined
experience in engineering. I am happy to recommend it to the reader, and hope
that students and practitioners of boiler technology will find this book inspiring
and useful.

Academician of Chinese Academy of Sciences, Buxuan Wang
Department of Thermal Engineering
Tsinghua University
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area, m?; ash content in fuel, wt.%

Constant; absorptivity; emissivity; fly ash fraction; width, m

depth, m

magnetic induction intensity; fuel supply rate, kg/s

constant; correction factor; light velocity, m/s; specific heat capacity, J/(kg-K),
J/(Nm?-K)

specific heat capacity at constant pressure, J/(kg-K)

carbon content in fuel, wt.%

diameter, m or mm

diameter, m; boiler capacity, kg/s or t/h

energy, J; emissive power (radiosity), W/m?; electric field intensity, V/m

energy level; error, %

degeneracy of the energy level; mass fraction of flue gas flowing through superheated
cold or hot sections

flue gas mass of unit fuel, kg/kg

Planck constant; heat transfer coefficient, W/(m2~K); height, m

magnetic field intensity, A/m; heating area of furnace radiation, m?; hydrogen content
in fuel, %

radiation intensity, W/(m?-sr); enthalpy of air or flue gas, kl/kg

imaginary unit; enthalpy of working medium (water, steam), kJ/kg

extinction (attenuation) coefficient, m~'; heat transfer coefficient, W/(m?-K)
coefficient of radiant absorption, 1/(m-Pa); Boltzmann constant

length, m

dimensionless length

mass, kg

moisture, %

refractive index

nitrogen content in fuel, wt.%

oxygen content in fuel, wt.%

pressure, Pa, MPa

Prandtl number

heat flow, W; heating value, kJ/kg

heat flux, W/m?; volumetric or sectional heat release rate (thermal load), W/m>, W/
m?; heat percentage, %

radius, m; thermal resistance

radius vector, m; electrical resistivity, Q-m; volume fraction

mean beam length, effective radiation layer thickness, m; Poynting vector, W/m?;
spacing, mm

sulfur content in fuel, wt.%

xiii



xiv  Symbols

t time, s; temperature, °C

T absolute temperature, K

u unknown variable in the integral equation; velocity, m/s
|4 volume, m?; amount of air or flue gas, Nm3/kg

x,y,z coordinates

effective configuration factor of the water wall
number of tube rows

absorptivity; excess air coefficient for gas side; Lagrange factor
Lagrange factor; excess air coefficient for air side
optical thickness

emissivity; blackness; dielectric constant; ash deposition coefficient
configuration factor; heat preservation coefficient
dimensionless coordinate

polar angle, incident angle, rad; temperature, °C
dimensionless temperature

wavelength, wm; thermal conductivity, W/(m-k)
dimensionless concentration, kg/kg

frequency, Hz; kinematic viscosity, m?/s
dimensionless coordinate; utilization coefficient
density, kg/m?; reflectivity; ash deposition coefficient
Stefan-Boltzmann constant, W/(m>K*)
Transmissivity

angle of refraction, rad

circular frequency, 571 ratio; velocity, m/s

efficiency, %

angle of inclination, degree; temperature, °C
thickness, mm

steam mass flux, kg/(m? s)

factor

fouling factor

thermal efficiency coefficient; effective coefficient
solid angle, sr

:Dbsmﬂ‘%mm:géeﬂqu<t S @36 MO WL N K

D-value
coefficient
SUPERSCRIPTS
! at inlet
" at outlet
0 theoretical
- averaged
SUBSCRIPTS
A surface; section
a absorption; air; adiabatic

ar as received
ave averaged



Symbols  xv

b blackbody; bottom; boiler; bed
bd blowdown

[ carbon black; corrected; convective; cold section
cal calculation
co coke

ca cold air

d diffuse; dispersed
daf dry and ash free

ds desuperheater spray

dw  down

e emit; environment; outlet
f front

fa fly ash; furnace nose

fe furnace exit

fl flame

fw boiler feed water

F furnace; sectional

g gas, flue gas
G graybody

h hot section
ha hot air

H section

H,O water

i incident; inlet; inner diameter

i, J, k surface numbers

I projection

in incoming

1 air leakage

If luminous flame

m maximum; medium; average; modified

max maximum

mh  manhole

min minimum

ms  coal pulverizing system

n normal direction; triatomic gas
N,  nitrogen gas
o outgoing; outer; outlet

p projection; primary stage; platen
1, 3, 6 spherical coordinates

r radiation; rear

rb refractory belt

re reversing chamber

roof top surface of furnace

R effective radiation

R,0 CO, and SO,

S scatter; distance; secondary stage; side; surface; system; saturation

sys  system
ss superheated steam
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rad
ph
db

sh
rh
eco
aph
wm
0s

DT
ST

<

ad
daf
gt
qt

zs

pi
hz

Symbols

through; tube; water cooling wall
upward

volume

surface; wall

water cooled combustion chamber hopper
components at x, y, z direction
coal pulverizing system
monochromatic wavelength
monochromatic frequency
solid angle

absorption

transmission

reflectance

utilized heat

exhaust gas

unburnt gas

unburnt carbon

radiation heat loss of boiler
physical heat loss due to ash and slag
dense bed

free board

superheater

reheater

economizer

air preheater

working medium

outside, outer surface
inside, inner surface
deformation temperature
softening temperature

fluid temperature

fly ash

flue gas

air

air dry basis

dry basis

dry and ash free basis
unburnt carbon

unburnt gas

furnace

corrected

burner

averaged

ash and slag



Chapter 1

Theoretical Foundation and
Basic Properties of Thermal
Radiation

Chapter Outline
1.1 Thermal Radiation 1.5 Thermal Radiation Energy 21
Theory—Planck’s Law 3 1.5.1 Thermal Radiation
1.2 Emissive Power and Radiation Forms 21
Characteristics 6 1.5.2 Radiosity 22
1.2.1 Description 1.6 Radiative Geometric
of Radiant Energy 6 Configuration Factors 24
1.2.2 Physical Radiation 1.6.1 Definition of the
Characteristics 9 Configuration Factor 24
1.2.3 Monochromatic and 1.6.2 Configuration Factor
Directional Radiation 11 Properties 27
1.3 Basic Laws of Thermal 1.6.3 Configuration Factor
Radiation 12 Calculation 29
1.3.1 Planck’s Law and 1.7 Simplified Treatment of
Corollaries 12 Radiative Heat Exchange in
1.3.2 Lambert’s Law 15 Engineering Calculations 41
1.3.3 Kirchhoff’s Law 16 1.7.1 Simplification

1.4 Radiativity of Solid Surfaces 17 Treatment of Radiation

1.4.1 Difference Between Real Heat Transfer in
Surfaces and Blackbody Common Engineering
Surfaces 17 Calculations 41
1.4.2 Graybody 19 1.7.2 Discussion on
1.4.3 Diffuse Surfaces 19 Simplified Conditions 41

All substances continuously emit and absorb electromagnetic energy when their
molecules or atoms are excited by factors associated with internal energy (such
as heating, illumination, chemical reaction, or particle collision). This process
is called radiation. Radiation is considered a series of electromagnetic waves
in classic physical theory, while modern physics considers it light quanta, that
is, the transport of photons. Strictly speaking, radiation exhibits wave-particle
duality, possessing properties of not only particles but also waves; this work

Theory and Calculation of Heat Transfer in Furnaces. http://dx.doi.org/10.1016/B978-0-12-800966-6.00002-8
Copyright © 2016 Tsinghua University Press Limited. Published by Elsevier Inc. All rights reserved. 1
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FIGURE 1.1 Electromagnetic wave spectrum.

considers these to be the same, that is, “radiation” refers simultaneously to both
photons and electromagnetic waves.

At equilibrium, the internal energy of a substance is related to its tempera-
ture — the higher the temperature, the greater the internal energy. The emitted
radiation covers the entire electromagnetic wave spectrum, as illustrated sche-
matically in Fig. 1.1.

Thermal energy is the energy possessed by a substance due to the random
and irregular motion of its atoms or molecules. Thermal radiation is the trans-
formation of energy from thermal energy to radiant energy by emission of rays.
The wavelength range encompassed by thermal radiation is approximately from
0.1 to 1000 p.m, which can be divided into three subranges: the infrared from 0.7
to 1000 wm, the visible from 0.4 to 0.7 pm, and the near ultraviolet from 0.1 to
0.4 pm. Thermal radiation is a form of heat transfer between objects, character-
ized by the exchange of energy by emitting and absorbing thermal rays.

Consider, for example, two concentric spherical shells with different ini-
tial temperatures (f; < t,) separated by a vacuum, as shown in Fig. 1.2. The
temperature of sphere shell 2 increases as a result of heat exchange by thermal

Yy 2

/

FIGURE 1.2 Radiation heat transfer between concentric sphere shells.
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radiation between the two shells, since there is no heat conduction or heat con-
vection between them.

This chapter will briefly outline the essential characteristics of thermal ra-
diation, and the fundamental parameters that describe thermal radiation prop-
erties. The description of the basic laws of thermal radiation and the general
methods used in thermal radiation transfer calculation are emphasized, as these
are the theoretical foundation for solving heat radiation transfer problems and
conducting related engineering calculations.

1.1 THERMAL RADIATION THEORY—PLANCK’S
LAW [1,2,23,24]

At the end of the 19th century, classical physics had encountered two major
roadblocks: the problem of relative motion between ether and measurable ob-
jects, and the spectrum law of blackbody radiation, that is, the failure of the en-
ergy equipartition law. The solution to the first problem led to relativity theory,
and the second problem was solved after the establishment of quantum theory.
Quantum theory also solved the problems of blackbody radiation, photoelectric
effect, and Compton scattering.

In quantum mechanics, a particle’s state at a definite time can be described
by wave function W¥(r), and the motion of the particle can be described by the
change of the wave function with time ‘Y'(r,f). The wave function ¥(r.¢) satisfies
the following Schrodinger equation:

ih%‘l’(r,t) =HY(,1) (1.1)

where H is the Hamilton operator, and 7 is a constant.

In classical mechanics, if the Hamilton of a system is known, its Hamilton
equation can be obtained to determine the motion of the entire system. For a
quantum system, as long as the Hamilton operator H is known, the motion
of the whole system can be determined, including its energy level distribution
and transition. Only quantum mechanics can strictly and accurately describe
the generation, transmission, and absorption characteristics of radiation. Strict
description of thermal radiation, quantum mechanics, statistical physics, and
other basic theories are necessary, however, these theories are too complex for
engineering calculation, particularly concerning solutions to complicated mo-
tion system equations. The basic theory of macroscopic thermal radiation is also
rather difficult to describe. To this effect, it is necessary to reasonably simplify
and approximate problems for the convenience of engineering application. This
task is performed by professional engineering disciplines.

This section focuses on blackbody radiation theory (Planck’s law), the theo-
retical basis of thermal radiation. During the heat transfer process, “blackbody”
refers to an object which can absorb all radiant energy of various wavelengths
projected onto its surface. Planck’s law describes the behavior of the blackbody,
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the derivation of which requires some basic concepts and methods of quantum
mechanics and statistical physics. The following section provides a simple in-
troduction to Planck’s law and blackbodies, to help readers to understand the
basic theory and history of thermal radiation.

According to quantum mechanics, the energy of a photon with frequency
Vv is:

e=hv (1.2)

where /1 = 6.6262 X 1073* Js is the Planck constant.

According to statistical physics, the distribution with the greatest chance of a
system consisting of a large number of particles is called “the most probable dis-
tribution.” The most probable distribution is typically used to describe the equi-
librium distribution of an isolated system. The photon does not obey the Pauli
Exclusion Principle, thus it is a Boson; neutrons, protons, and electrons are called
Fermions, as they all do obey the Pauli Exclusion Principle.

The classical particles satisfy the classical Maxwell-Boltzmann distribu-
tion under the conditions of continuous energy and degeneracy. Bosons obey
Bose—Einstein distribution (B—E distribution), and Fermions obey Fermi—Dirac
distribution.

According to the basic principle of statistical physics, the statistical equation
of B—E distribution is derived as follows:

8i

Ni = exp(or + Pe;)—1 (1)

where N, is the number of particles with energy level of e; = hv,, g; is the de-
generacy of the energy level e;, and o and 3 are Lagrange factors. For a photon,
a =0, and the statistical equation the photon obeys is:

N=—S (1.4)

" exp(Be) -1
Consider a cavity with volume V and surface temperature 7. For the photon
inV:

1

P=a

(1.5)
where k is the Boltzmann constant, equal to 1.38 X 1072*J/K. The degeneracy of
the photon in V at energy level ¢; is:
8V}
8i= r 3‘}1 dv;
c (1.6)
Substituting Eq. (1.5) and Eq. (1.6) into Eq. (1.4) provides the number of
photons in the frequency range from v; to v; + dv;:
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8TrW?  dv;
dN; = C3V’ - Vi (1.7)
ek —1

Substituting the photon energy e; = hv;into Eq. (1.7) results in the following:

8TW?  dv;
dN; = T (1.8)
ekl —1

Then, the energy of dN; photons is:

.
de; = hvydN; = SEIVVE (1.9)
ekl —1

The unit volume radiant energy density ranging from frequency v; to
v, + dv;is:

de; 8mhv} dv,
w:dy; = —L = ! d (1.10)
itV 3 hv;
\%4 c oK —1

where u; is monochrome radiation intensity, this is Planck’s law in the form of
radiant energy density. For a specified frequency Vv;, the subscript i can be re-

moved. Eq. (1.10) can also be expressed by wavelength A, because v = ¢/A; thus,

dv=- % dA, so radiant energy density ranging from wavelength A to A+ dA1is:

uﬂ&:%,ﬁ—’l (1.11)
eMT — ]
That is to say,
8nhe 1
e/‘LkT -1

Obviously, Planck’s law is an inevitable result derived from the basic theory
of quantum mechanics and statistical physics which indicates that the radiant
energy density ranging from A~A + dA only relates to wavelength A and cavity
temperature 7, denoted as u; = f{A,f). From this law, the radiant energy den-
sity of different wavelengths at the same temperature 7" can be obtained, then
the spectral distribution of radiant energy density can likewise be obtained.
Planck’s law is the basis of the entirety of thermal radiation theory. Thus, a good
understanding of the law is necessary for mastering the properties and laws of
thermal radiation.

For simplicity, “radiation” in the following chapters actually refers to “ther-
mal radiation” unless otherwise specified.
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1.2 EMISSIVE POWER AND RADIATION CHARACTERISTICS

A blackbody is an ideal radiation absorber and emitter. Similar to an “ideal gas”
in thermodynamics, the blackbody is an ideal concept which forms the criteria
used to compare actual radiators. Similarly, Planck’s law as derived in Sec-
tion 1.1 describes the ideal spectral distribution of radiant energy, which is only
related to temperature and wavelength. What is the difference, then, between a
real object or surface and a blackbody, pertinent to radiant energy distribution
and radiation characteristics?

1.2.1 Description of Radiant Energy [3,4]

Let’s first build an accurate description of “radiant energy.” Radiation exists in
the form of photons, having wave-particle dualism, thus it can be described us-
ing electromagnetic wave theory. An electromagnetic wave obeys the Maxwell
equation as following:

JB

S

vxH=_22,; (1.13)
ot

VXE=

V-D=p
V-B=0

where E is the electric field intensity in position X at time ¢, denoted as E(X, f).
Here, we use simplified representation. H is magnetic field intensity; D = €E is
an auxiliary variable, € is the dielectric constant, B is the magnetic induction
intensity, J is the current density, and p is the charge density.

The energy flow density of an electromagnetic wave can be expressed by
Poynting vector S as follows:

S=ExH (1.14)

For linear media, B = wH, where w is a constant. From Eq. (1.13), the fol-
lowing wave equation can be obtained:

2
ViE- S5 =0
c1 aa;B (1.15)
2 —
VB-2%2 =0

For a specific frequency (monochrome, in this case), the formal solution to
Eq. (1.15) is:

{E(X,t) =E(X)e™ (1.16)

B(X,t)= B(X)e @
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FIGURE 1.3 Definition of space of the solid angle.

where @is the angular frequency of the electromagnetic field, and i is the imagi-
nary number, J=1=i.For frequencies other than monochrome, the formal so-
lution can be obtained similarly to Eq. (1.16) by Fourier analysis.

Combining Eqs. (1.14) and (1.15) results in the following:

S=S(X,0) (1.17)

Radiant energy is a function of position X and frequency @. This is the start
point of the calculation and analysis of radiant energy, and is a vital component
of thermal radiation theory.

Physical variables are introduced below in order to describe the spiral distri-
bution of radiant energy. As shown in Fig. 1.3, there is a differential area dA on
the surface of a hemisphere with radius r, thus the space of the solid angle from
differential area dA to sphere center O is defined as:

A
dQ:d; (1.18)

r

The unit of solid angle Q is the spherical degree (sr). Of course, the solid
angle from the hemisphere to the sphere’s center is 27, and the solid angle from
the entire sphere to its center is 47. The direction angle is also required to de-
scribe the space properties — because this is basic information provided in any
geometry course, it is not discussed in detail here.

Once direction angle and solid angle are defined, the concepts of radiation
intensity and emissive power can be established.

1. Radiation intensity. As shown in Fig. 1.4, this is the radiant energy leaving
a surface per unit area normal to the pencil of rays in unit time into the unit
solid angle in a wavelength range from O~ oo, denoted by /. The unit is:
W/(m? -sr).

In Fig. 1.4, dA is a differential area in space, n is the normal line of dA, s is
the radiation direction, dA, is the projected area of dA normal to s, and S is
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do(B, 6)

FIGURE 1.4 Definition of radiation intensity and radiation power.

the angle between s and n, namely, the direction angle in the radiation direc-
tion. Thus, dA, = cosfdA, where dQ is the solid angle of any differential area
in the direction s. According to these definitions, when the radiant energy in
direction s is dQ, the following is obtained:

_do 4o
dAdQ  cos BdAdQ

Ip (1.19)

where the subscript 8 in /5 denotes the direction.

2. Emissive power. As shown in Fig. 1.4, this is the energy leaving a surface
per unit area in unit time into the unit solid angle described by 8 and 6, in
a wavelength range from 0 ~ oo, denoted by Egg. The unit is W/ (m? -sr).
Typically, the surface radiation angle is irrelevant to 6, thus Eg represents
emissive power, expressed as follows:

dQ
E,=—2%_ 1.20
P dadQ (1.20)

The relation between radiation intensity and emissive power is obtained as
follows, by comparing Eq. (1.19) with Eq. (1.20):

Eg=1Igcosf (1.21)
Especially when considering the total radiation power from a surface to its

hemispherical space, the hemispherical radiance E W/(m?) is appropriate. The
relation between E and Ej is:

2
E= jo EgdQ (1.22)
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1.2.2 Physical Radiation Characteristics

The above section disclosed the characteristics that radiant energy is distributed
according to space and frequencies; however, in engineering applications, we
are more concerned about the radiation heat transfer between objects, such as
between the hot flue gas and the water wall in a furnace, or the furnace wall and
the work piece in a heating furnace. Therefore, it’s still necessary to study the
radiation characteristics of solid, liquid, and gas.

Objects have the ability to absorb, reflect, and penetrate external radiation,
thus, absorptivity, reflectivity, and transmissivity are introduced to build a quan-
titative description of this ability. As shown in Fig. 1.5a, when an object receives
external irradiation Q;, some is absorbed, denoted as Q,, some is reflected, de-
noted as Q,, and some penetrates the object, denoted as Q.. See the following:

Absorptivity o = Q,, /0O; (1.23)
Reflectivity p = 0, /0y (1.24)
Transmissivity T = Q; /0y (1.25)

From the energy conservation relation shown in Fig. 1.5b, the following is
obtained:

O1=0y+ Qp +0;
Combining the above four equations results in:

a+p+t=1 (1.26)

The above definitions suggest that absorptivity, reflectivity, and transmis-
sivity are actually fractions of irradiation that has been absorbed, reflected, and
penetrated. What are their properties, then?

Fig. 1.5 and Eqgs. (1.23)—(1.25) demonstrate that the absorption, reflection,
and transmission of an object relating to external projected energy are relat-
ed to the characteristics of the object and the projected radiation. Generally,
object properties, including physical properties, geometric structure (such as

o
QP o
' >
(a) (b)

FIGURE 1.5 Absorption, reflection, and transmission of radiant energy. (a) Absorption, re-
flection, and penetration for radiation. (b) Energy conservation relationship.
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species and the arrangement of atoms or molecules), temperature, and surface
roughness all directly affect the absorption, reflection, and transmission of the
irradiation, and therefore the frequency of irradiation. Basically, one object has
different abilities to absorb, reflect, and penetrate radiation if the frequencies of
projected energy are not the same.

Absorption: In quantum mechanics, the absorption of radiation is actually
the process of energy level transition of particles that constitute the object (usu-
ally atoms or molecules) due to the absorption of photons under certain condi-
tions. Because the micro states of particles with different species, temperatures,
and atomic or molecular structures vary, the photon frequency/photon energy
they absorb to satisfy energy level differences also vary, thus the absorption
characteristics differ, and vice versa.

Reflection: Reflection is mainly dependent on the surface roughness of the
object, and obeys reflection law.

Transmission: Transmission mainly occurs in gas media and is dependent on
the absorption and reflection ability of the medium, which is further discussed
in chapter: Emission and Absorption of Thermal Radiation.

According to the third law of thermodynamics, the temperatures of all ob-
jects are higher than 0 K, thus they all maintain thermal motion and emit ther-
mal radiation. In order to describe the radiant energy emitted from different
objects at different temperatures, the concept of emissivity is established with
the blackbody as a criterion.

A blackbody is a hypothetical body that completely absorbs the radiant en-
ergy of all wavelengths from every direction. The absorptivity of the blackbody
is 1 to all irradiation. The concept is the same as that of an ideal gas in thermo-
dynamics—a blackbody is an ideal concept that does not exist in nature.

Object emissivity (also called “radiation rate”) is defined as the ratio be-
tween the power emitted from the object and the power emitted from a black-
body with the same temperature as the object, denoted by &

e=EIE, (1.27)

For a real object, 0 < £ < 1. Ej, is the emissive power of the blackbody,
the calculation equation of which can be derived from Planck’s law (see Sec-
tion 1.3). It is important to note that though the blackbody appears black, an ob-
ject with large emissivity is not always black. This happens because the human
eye is only sensitive to visible light, while thermal radiation rays cover a broad
wavelength including infrared. For example, the emissivity of black carbon at
52°C is 0.95~0.99 and this looks very black, but the emissivity of water at 0°C
is 0.96~0.98 and water does not look black at all.

Other notable ideal concepts include transparent bodies, which have a trans-
mission value of 1 for radiation from all wavelengths from any direction. Also
mirror bodies, which have a reflection rate of 1 for radiation from all wave-
lengths from any direction. These comply with mirror reflection, as opposed
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to similar bodies that comply with diffuse reflection, called white bodies. In
the allowable error range of engineering calculation, real bodies are abstracted
into ideal objects (or the ideal objects serve as reference points) to obtain the
macroscopic properties of the real surfaces. Such treatment lends a considerable
amount of convenience to engineering applications, and is a common method of
transmitting physics theory to engineering. For example, in engineering appli-
cation, a single atom or diatom gas (He, H,, N, and O,) is treated as a transpar-
ent body as it hardly absorbs or emits radiation; conversely, a closed cavity with
only one hole is treated as a blackbody.

1.2.3 Monochromatic and Directional Radiation

Radiant energy is distributed according to spatial position and wavelength, thus,
the exchange process of radiant energy (ie, the emission and absorption of ra-
diation) is also related to spatial position and wavelength. To describe the rela-
tions between emission, absorption, and wavelength, the directional forms of
emissivity and absorptivity are introduced below and relevant expressions are
obtained.

Monochromatic directional emissivity (&, g) is the ratio between the mono-
chromatic radiation intensity of a real surface in direction 3 and that of a black-
body with the same temperature, expressed as follows:

81[3:1/1[3/]1)1 (1.28)

Monochromatic emissivity (&;) is the ratio between the monochromatic
emissive power of a real surface in wavelength A and that of a blackbody with
the same temperature and wavelength:

&), =E)/Ey; (1.29)

Directional emissivity (&) is the ratio between the monochromatic radiation
intensity of a real surface in direction 3 and that of a blackbody:

gg = 1Ig/l, (1.30)

Monochromatic directional absorptivity (a;g) is the ratio between the

monochromatic radiation intensity absorbed in wavelength A in direction 8 and
the irradiation intensity with the same wavelength and direction:

08 = 1oap /g (1.31)

Monochromatic absorptivity («) is the ratio between the absorbed mono-
chromatic emissive power and the projected emissive power with the same
wavelength:

0ty = Eg /Ey, (1.32)
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Directional absorptivity (ag) is the ratio between the absorbed radiation in-
tensity in a direction and the irradiation intensity with the same wavelength:

(xﬁ=laﬁ/llﬁ (133)

1.3 BASIC LAWS OF THERMAL RADIATION [4-10]

As discussed in Sections 1.1 and 1.2, radiant energy distribution depends on
both wavelength and direction. Planck’s law asserts that the radiant energy of a
blackbody is distributed according to its wavelength, which is the basis of ther-
mal radiation theory. Knowledge of this characteristic alone is not sufficient—
the spatial distribution of radiant energy is also needed, which can be described
under Lambert’s law. Information regarding the ability to emit or absorb radia-
tion is also necessary, described by Kirchhoff’s law, in order to calculate and
analyze heat transfer. This chapter discusses the engineering application form of
Planck’s law and its corollaries, Lambert’s law and Kirchhoff’s law.

1.3.1 Planck’s Law and Corollaries

In Section 1.1, the monochrome radiation intensity (also called “spectral radia-
tion intensity”) of a blackbody was derived as:

" 8mhe 1
A= 5 he
A e AT —]

(1.12)

For the convenience of engineering application, the above equation is rewrit-
ten using the monochrome emissive power of a blackbody E, ;. According to
thermodynamic method, the following is obtained:

Ey; =%ua (1.34)

The equation is derived based on the definitions of E,; and u,. Substituting
Eq. (1.12) into Eq. (1.34) provides:

2mhe?
Epj=——— (1.35)

A (eMT —1)

For simplicity, the first Planck’s constant ¢; = 27hc? = 5.9553 X 1071°W - m?
and the second Planck’s constant ¢, = hc/k = 1.4388 X 10~?m - K are introduced.
Eq. (1.35) then becomes:

9
L
A3(e?T —1)

where the units of wavelength A and temperature T are m and K, respectively.

Ep, = (1.36)
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FIGURE 1.6 Relation between Ej ; and A at different temperatures.

Fig. 1.6 shows the relation between E,; and A at different temperatures. At
the same temperature, as A increases, E,; increases first to its maximum value
and then decreases. This phenomenon reflects Wien’s displacement law, which
will be discussed later.

Planck’s law describes the radiation of a blackbody in a vacuum; for radia-
tion in nonvacuum media, the value of light speed in a vacuum in Egs. (1.35)
and (1.36) can simply be replaced with the speed in the medium.

Certain corollaries can be obtained through Planck’s law. When temperature
is high and wavelength is long (hc/AKT < 1), the term ¢"“*7 in Eq. (1.35) can
be expanded as follows:

he

_he 2
e AkT :1+£+i(£) +
AKT 21\ AkT

Because hc/AKT <1, high-order terms can be neglected. Ey,; can then be
calculated as:

T
Eb/‘LZZﬂ,'kCF (137)

This is the Rayleigh—Jeans law, which is mainly applicable to infrared.
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When temperature is low and wavelength is short (hc/AKT > 1),
eI 1 = e"/AHT in Bq. (1.35), thus:
2
By, = 2R (1.38)
R

This is the Wien equation derived by the semiempirical method, which is
applicable to ultraviolet.

Fig. 1.6 shows that at a certain temperature, energy density reaches its max-
imum corresponding to a certain wavelength. This wavelength is called “the
most probable wavelength,” denoted by A,,. According to the extreme condi-
tions of Eq. (1.36):

OEpy (A, T) _
oA

A, at different temperatures can be obtained as follows:

0

he

0E,; (A, T) 5 hc e kT
=— T + h =0
oA e ! L
Al (e kT —1) (e kT —1)2
h
By defining the dimensionless variable x = l—kCT’ the above equation can

be rewritten:
S5e7*+x=5
The numerical solution to the equation is x = 4.965, thus:

AmTzh—;:2.8978><10—3 (m-K) (1.39)
X

This is Wien’s displacement law, which states that there is an inverse rela-
tionship between the most probable wavelength 4,, and temperature T that is,
A decreases as T increases, so the higher the temperature, the more likely the
energy is distributed in a high-frequency range.

To illustrate the relation between the blackbody’s emissive power and tem-
perature, Eq. (1.35) is integrated from A =0 to A = oo as follows:

1

_[~ _ 2
E, _jo Eyy dA=2mhe jo G dA
A (e kT —1)
By definin )c—£ and using definite integral relation Jwo x dx—”—4
Y & T £ £ 0 —17 15
in the above equation:
2mk*
Ey=-2L 4 (1.40)

15¢2h3
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5;.4
For simplicity, the radiation constant is defined as © =15”W and all
c
known values are plugged in to obtain ¢ = 5.6693 X 10¥W/(m? - K*) so the
above equation becomes:

E,=oT* (1.41)

This is the Stefan—Boltzmann law, also known as the fourth-power law—a
very practical application commonly applied to radiation heat transfer.

1.3.2 Lambert’s Law

To describe the distribution property of radiant energy in different directions,
the concepts of directional emissive power and directional radiation intensity
are introduced below. Similarly to the definition of the spatial distribution prop-
erty of the directional emissive power of a blackbody, here, we introduce Lam-
bert’s law, which states that the directional radiation intensity of hemispheric
space is the same in any direction:

I =1, =1g =--=1p, (1.42)

where 3; denotes any direction within hemispheric space. Blackbody radiation
obeys Lambert’s law completely. The equation can be rewritten as follows to
apply to a blackbody:

Lyp, = Iy, = Iyp, ==l =1 (1.43)

Considering the relation between directional emissive power and directional
radiation intensity [Eq. (1.21)], Eq. (1.43) becomes:

Eyp =1y cosf3 (1.44)
For a blackbody, Eq. (1.44) is also applicable in monochromatic conditions:
Eyjp =1Iycos B (1.45)

Due to the specific form that Eqs. (1.44) and (1.45) take, Lambert’s law is
also called “cosine law.”

A surface which obeys Lambert’s law is called a diffuse surface, whether or
not it is a blackbody. Eq. (1.44) can also be written as follows:

Eg=1Icosf (1.46)

Upon integrating the above equation in hemispheric space, we obtain:

E= jzﬂEﬁ dQ= IjzﬂcosﬁdQ
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where dQ = dA/r? = sinBdBde, thus:

E=1j;:0d¢jﬁ?:0sinﬁcosﬁdﬂ=n1 (1.47)

This is the general expression of Lambert’s law for a diffuse surface. It is
important to note that Eq. (1.47) is not applicable under all possible conditions,
as it is derived under the premise that the solid angle is defined by hemispheric
space.

1.3.3 Kirchhoff’s Law

The relation between the emission and the absorption of a real surface is an
important question in thermal radiation theory, which is quite adequately de-
scribed by Kirchhoff’s law.

Consider the radiation heat transfer of an isolated system consisting of two
infinite parallel walls, as shown in Fig. 1.7. Surface 1 is a blackbody, with tem-
perature of T}, emissive power of E;, and absorptivity a;, = 1. Surface 2 is an
arbitrary surface with temperature of 7, emissive power of E, and absorptivity
of . The emissive power emitted from Surface 1 is Ey, and after being absorbed
by Surface 2, the remaining (1 — a)E,, is reflected back to Surface 1 until finally
completely absorbed by Surface 1. Similarly, the emissive power E from Sur-
face 2 to Surface 1 is absorbed completely by the blackbody. Thus, the radiation
exchange heat is expressed as:

g=0E,—-E (1.48)

When T, = T,, that is, when the system is in thermal radiation equilibrium,
the radiation exchange heat is zero, thus Eq. (1.48) becomes:

Z_E, (1.49)
o
12
T, 4 T
E E
X

FIGURE 1.7 Radiation heat transfer of an isolated system consisting of two infinite parallel
walls.
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This is Kirchhoff’s law. Note that E and E;, denote the emissive power of
a real surface and blackbody at the same temperature. The following relations
between emission and absorption can be obtained on the basis of this law:

1. The ratio between the emissive power of any object and its absorptivity to a
blackbody equals the blackbody’s emissive power at the same temperature,
thus the emissive power of any object is only related to temperature.

2. The larger the emissive power of an object is, the greater its absorptivity
is—objects with strong emission ability also have strong absorption ability.

3. Atthe same temperature, the emissive power of a blackbody is the strongest,
because the absorptivity of real surfaces is always smaller than 1.

There is another form of Kirchhoff’s law—after comparing Eq. (1.49) with
the definition of emissivity:

E
£=—
Ey,
The following can be obtained:
E=0 (1.50)

Eq. (1.50) is only true at thermal radiation equilibrium. Thus, Kirchhoff’s
law can also be described as an arbitrary body emitting and absorbing thermal
radiation in thermodynamic equilibrium, where emissivity equals absorptivity.
This expression states relation (2) more directly.

Kirchhoff’s law is also applicable to monochromatic conditions, expressed
as follows:

Ey =0 (151)

Kirchhoff’s law is not experimental. It is derived strictly based on thermo-
dynamic laws.

1.4 RADIATIVITY OF SOLID SURFACES

When it comes to general technical problems in engineering, the majority of ra-
diative heat exchange involves solid surfaces; to this effect, mastering the radia-
tion properties of a solid surface is necessary in order to calculate and analyze
radiation heat transfer.

1.4.1 Difference Between Real Surfaces and Blackbody Surfaces

A blackbody is an ideal object, defined by researchers, which perfectly obeys
the thermal radiation laws discussed in Section 1.3. Naturally, the emission
and absorptivity of real surfaces are different. Fig. 1.8 shows a basic compari-
son between the surface emission and absorptivity of real bodies and black-
bodies.
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. Radiativity

The radiation spectrum of a blackbody’s surface obeys Planck’s law
completely, thus its monochromatic emissivity is always 1. In addition,
blackbody radiation distribution in each direction is uniform, completely
obeying Lambert’s law.

The surface radiation spectrum energy of a real body is less than that
of a blackbody at the same temperature, thus its monochromatic emissivity
is less than 1. The wavelength distribution of the spectrum has selectivity
relative to the structure of molecules and atoms which comprise the object’s
surface, as well as temperature. Spatial distribution of the surface radiation
of a real body is not uniform, and its radiation intensity is a function of di-
rection angle, so the surface fails to obey Lambert’s law—its properties are
related to the geometric structure of the surface.

Fig. 1.8a illustrates the difference described earlier, where the blackbody
value is denoted by 1 and the real body value is represented by 2. The spatial
radiation intensity of the blackbody is uniform, as opposed to the real body.

. Absorptivity

A blackbody surface completely absorbs external irradiation, regardless
of direction and wavelength distribution. Its surface absorptivity is always 1,
so ay = a = 1. The reflectivity of a blackbody is always zero. The monochro-
matic absorptivity of a real body surface is less than 1 for external irradia-
tion, thus its reflection ratio is not zero relative to direction and wavelength.

Fig. 1.8b illustrates the relation between absorptivity and wavelength of
a blackbody and a real surface. By comparison, the radiation and absorption
of real bodies differ from those of blackbodies, but all basic laws of ther-
mal radiation are based on the blackbody—thus, in order to calculate and
analyze the radiation heat transfer of real bodies, certain secondary factors
must be neglected accordingly. If the calculation error is kept in an allow-
able range, it is possible to refer to blackbody radiation law; the following
sections introduce relevant concepts of “graybodies,” “diffuse surfaces,”
and other ideal concepts, as they utilize blackbody laws to achieve accu-
rate results for real surfaces. This method is commonly used in engineering
calculations.

%,
Blackbody
/\/\ Actual
2 object
1 A
(@ (b)

FIGURE 1.8 Surface property differences between a real body and a blackbody. (a) The dif-
ference of surface radiation intensity in spatial distribution between blackbody and actual object.
(b) The relationship between surface adsorption and wavelength of blackbody and actual object.
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1.4.2 Graybody

According to the properties of real surfaces, the thermal radiation spectrums of
which do not obey Planck’s law and the wavelengths of which have irregular
distribution, an ideal simplified concept, the graybody, is introduced. A gray-
body is defined as an object that lacks radiation selectivity, thus its emissive
power is proportional to that of a blackbody at the same temperature. This pro-
portional coefficient is simply the emissivity of the object. The emissive power
of a graybody equals that of a real surface, as demonstrated by the following
equations:

Eg =¢E, (1.53)
EG=E, j: Eyy (A, T)A (1.54)

The monochromatic emissivity of a graybody is independent of wavelength
and equals hemispheric emissivity:

) =& (1.55)
According to Kirchhoff’s law,
oy =€,
thus:
ag =& (1.56)

The absorptivity of a graybody therefore equals its emissivity, and shows no
selectivity in wavelength. It exists independent of the temperature of the radia-
tion source.

The relation between emissive power and wavelength of a blackbody, a
graybody, and a real body is illustrated in Fig. 1.9. Fig. 1.10 shows the relation
between the emissivity and wavelength of a graybody.

For metal and nonmetal materials commonly used in engineering, selectiv-
ity in the long-wave range (infrared region) is weak. The temperature of boiler
furnace radiation is generally not higher than 2000 K, so most common engi-
neering materials can be considered graybodies.

1.4.3 Diffuse Surfaces

Radiant energy is energy distributed according to wavelength and spatial
position. The introduction of graybodies makes the radiation of a real body
similiar to that of a blackbody in wavelength distribution, but radiation inten-
sity is uniformly decreased by a factor of emissivity. The spatial distribution
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FIGURE 1.9 Relation between emissive power and wavelength of a blackbody, graybody,
and real body.
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FIGURE 1.10 Spectral distribution and emissivity of a graybody.

characteristics of radiant energy mainly refer to the fact that heat rays are related
to surface direction. The concept of diffused reflection is introduced below to
simplify the calculation difficulties inherent to nonuniform spatial distribution
of emission and reflected thermal radiation.

Diffused radiation describes the emission of thermal radiative rays accord-
ing to Lambert’s law, where radiant intensity is distributed uniformly in the
hemisphere. Similarly, diffused reflection is the reflection of irradiation accord-
ing to Lambert’s law, where the radiant intensity of reflection radiation is dis-
tributed uniformly in the hemisphere. Diffuse surfaces that comply with gray-
body properties are called diffuse gray surfaces.

For simplicity, solid surfaces are treated as diffuse gray surfaces. This as-
sumption is unsuitable in engineering applications only when calculation error
is not tolerable. In the majority of furnaces, which are very rough due to the
existence of fouling layers, the use of this diffuse gray assumption is allowed.

According to Kirchhoff‘s law, a diffused radiation surface must show dif-
fused absorption but not necessarily diffused reflection, and vice versa.
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1.5 THERMAL RADIATION ENERGY
1.5.1 Thermal Radiation Forms

Any object, be it solid, liquid, or gas, is known to constantly radiate heat accord-
ing to Planck’s law, as its temperature cannot reach absolute zero (0 K), though
radiation projected on its surface is absorbed, reflected, and penetrated through
energy exchange. In order to further describe these processes and behaviors,
relevant descriptions of various forms of thermal radiation are provided in this
section. These are defined according to the engineering field, specifically, not
just in terms of physics—the treatment is a transition from fundamental physi-
cal laws and strict physical methods into engineering practice, as a combination
of scientific theory and engineering application.

Self-radiation: Self-radiation refers to a body with temperature above 0 K,
which radiates heat constantly, where emission is caused by temperature. Self-
radiation energy and power are represented by O and Ej, respectively. Given the
emissivity of an object, &, self-radiation can be expressed as:

E. =¢E, (1.57)

where E is a blackbody’s emissive power with the same temperature as the
object, which can be calculated by the Stefan—Boltzmann law: E, = o T*.

Irradiation: Trradiation is the radiation projected onto an object by its spe-
cific external environment. The irradiation energy and power are represented by
Oy and Ej, respectively.

Absorbed radiation: A body with absorptivity that is not zero absorbs the
radiant energy projected onto it (represented by Qy); the absorbed part is called
absorbed radiation. Absorbed radiation energy and power are represented by Q,,
and E,, respectively. Given the absorptivity of «, then:

Oy =0y (1.58a)

E, =k (1.58b)

Reflected radiation: A body with zero transmissivity reflects radiant energy
that is projected onto it; the reflected part is called reflected radiation. Reflected
radiation energy and power are represented by O, and E, respectively. Given
the reflectivity of p, then:

Qp =p0 (1.59a)
E, = pE (1.59b)
Ep :EI_EOC =(1—OC)EI

Transmissive radiation: For a body with transmissivity that is not zero,
some of the radiant energy projected onto it will penetrate into the object. The
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FIGURE 1.11 Flows of radiation heat.

transmission part is called transmissive radiation. Transmissive radiation en-
ergy and power are represented by Q. and E, respectively. Given the transmis-
sivity of 7, then:

0, =70 (1.60a)

E, =1E (1.60b)

Radiosity (effective radiation): 1t is difficult to distinguish the self-radiation
and reflected radiation of a real body, but there is no need to strictly distinguish
them due to their macroscopic effects in engineering. For simplicity, the concept
of radiosity, which is the sum of both, is introduced. As shown in Fig. 1.11,
radiosity energy and power are represented by O and Eg. See the following:

Or=0st0, (1.61)

Ex =E+E, (1.62)

The sum of absorptivity, reflectivity, and transmissivity of an object equals
1: « + 7+ p = 1. Thus, the sum of absorbed radiation, reflected radiation, and
transmissive radiation is equal to irradiation:

Ou+0:+0,=0 (1.63)

Radiation heat transfer: By definition, radiation heat transfer is the net ra-
diation energy an object acquires or loses. Generally, radiation heat transfer is
positive when an object is heated, and vice versa. Radiative heat flux can be
directly calculated according to irradiation and radiosity (¢ > 0 when adding
heat to the object):

1.5.2 Radiosity

The radiation heat transfer between graybody surfaces is more complicated
than between blackbodies, because graybodies cannot completely absorb
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radiant energy projected onto them—instead some of the energy is reflected,
generating multiple reflection and absorption values between the surfaces.
The introduction of radiosity greatly simplifies the calculation of this phe-
nomenon.

The total radiative energy emitted from a unit area of a solid surface in unit
time is called effective emissive power (or “radiosity,” for short). Similarly, the
total radiant energy projected onto a unit area of an object based on its external
environment in unit time is called projected emissive power, or “irradiation.”
Radiation heat transfer can thus be calculated in a concise manner, according
to Eq. (1.64).

Projected emissive power is difficult to measure, thus the following provides
a simplified method of calculating radiation heat transfer, built by combining
radiosity with the object’s properties and state.

See the following:

Er=E,+E,
Because Eg =¢Ey,,E, =(1-a)E;:
Er =¢E,+(1-)E; (1.65)
For a graybody, € = «, thus:
Egr =eE,+(1-¢)E; (1.66)

This is an expression of radiosity derived from its definition.
Considering the thermal equilibrium between the object and its external en-
vironment, however:

q=E—Ep.Er =E;—¢q
Considering the thermal equilibrium of the inner object:

q=Ey—-E,Ey,=Es+q

1
In addition, E; =—E,,E, = €E,, so:
o

1
ER=£Eb+(——1)q (1.67)
o o
For a graybody, this can be rewritten:
1
Er=Ey+|—-1|q (1.68)
£

This is an expression derived from radiation heat transfer, which associates
radiosity Eg, radiation properties (&, a), temperature (7, E;), and heat transfer
flux ¢ with each other to simplify calculation.
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A remarkable conclusion can be drawn from Eq. (1.68): if an object has no
radiant energy exchange with its external environment (g = 0), then Ep = Ej,
whether or not the object is a graybody and whether or not its radiation proper-
ties are uniform. The radiosity of the object equals that of a blackbody at the
same temperature. A heating furnace which heats a workpiece or steel slab, a
kiln which fires refractory materials, or a boiler furnace with no heating surface
all fall into this category. Additionally, although this type of object’s radiosity
equals that of a blackbody and it can technically be considered a blackbody, the
emissivity of the object is not 1, because its self-radiation does not conform to
the blackbody radiation spectrum.

The concept of radiosity is very useful for calculating radiation heat transfer,
and will be further described in chapter: Radiative Heat Exchange Between
Isothermal Surfaces.

1.6 RADIATIVE GEOMETRIC CONFIGURATION FACTORS [20]

Configuration factors reflect the effects of geometric relationships of surfaces
to radiation heat transfer; they describe the proportion of the radiation which
leaves one surface and projects onto another surface. A configuration factor is
also called a “shape coefficient” or “shape factor,” and is an essential parameter
of radiation heat transfer.

1.6.1 Definition of the Configuration Factor

Consider two arbitrarily placed blackbody surfaces, dA; and dA,, with tem-
peratures of 7' and 7, (Fig. 1.12), between which is a vacuum or transparent
medium. The distance between the two surfaces is r, the angles between the two
surfaces’” attachment lines and each surface’s normal line are 3; and 3,. The
configuration factor @ 4, is defined as the proportion of the radiation which
leaves surface dA; and reaches surface dA,. Thus, the configuration factor from
dA; to dA, is:

Bura =—Q5‘:2 (1.69)

FIGURE 1.12 Angular coefficient between cell surfaces.
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where Qu,.a, is the radiant energy leaving surface dA, for surface dA, in unit
time. According to the definition of radiation intensity, le d, can be written as:

le dr = Ibl dA]COSﬂ]dQ]

where dQ, is the solid angle from dA, to dA, which can be expressed as:

40, = cosﬁ;dAz
r
Thus,
1), cosicosBrdA,dA,
le,dz = 2

The denominator in Eq. (1.69) is:
le = EbldAl = ”IbldAl

Upon substituting the above equations into Eq. (1.69), the following is ob-
tained:

COS COoS
B, 4, = MdAQ (1.70)

nr?
Similarly, the configuration factor from dA, to dA is:

COS COos
Bocoshh
r

Pay 4y = (1.71)
Once Egs. (1.70) and (1.71) are obtained, the configuration factors between
a differential surface and finite surface, or between finite surfaces, can be cal-
culated effectively.
As shown in Fig. 1.13, both the differential surface dA; and the finite surface
dA, are blackbody surfaces. To calculate the configuration factor between dA;
and A,, consider a differential surface dA, on surface A,

FIGURE 1.13 Configuration factors between a differential surface and finite surface.
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First, calculate the radiant energy projected from dA; to A, as follows:

I, cosPicosf
2= | S dA A,

o
Ay
Then, calculate the total energy emitted from dA;:
le = EbldAl = ﬂ'lbl dA1

Substituting the above two equations into Eq. (1.69) gives:

Q42 cospicosp,
= IAZ —2dA,

= 1.72
(%) 04 T ( )

Eq. (1.72) is the result of Eq. (1.70) after integrating over A,. In fact, this is
an inevitable result of defining the configuration factor as energy distribution.

Similarly, the configuration factor from finite surface A, to differential sur-
face dA, can be calculated as follows:

1, cosp,cos
S il /321 p 2dAdA,

Ora = Jde,dl = _[

Ay A r

O, =Ep Ay =7l Ay

Os.4, 1 cos f3; cos B,
=——=—| ————=dA,dA 1.73
(Pz,d] Qz Az J‘Az 7[}"2 20 ( )

For blackbody surfaces, the configuration factor between finite surfaces is
completely similar to the above circumstance and need not be derived again.
Results are provided below.

The configuration factor from finite surface A; to A, is:

1 cos f3; cos 3,
=— ———"2dAdA 1.74a
P2 A, jAl '[Az . 1dA; (1.74a)

The configuration factor from finite surface A, to A; is:

1 cos f3; cos B,
=— ————=dAdA 1.74b
P21 A, J‘Al J.Az r2 1dA2 ( )

In the above derivations, surfaces are assumed to be blackbodies whether
or not they are differential or finite surfaces. As long as a surface is uniform in
temperature and radiation, and is a diffuse gray surface, the result is the same
as above. Basically, as long as the above conditions are met, the properties and
calculation methods described as follows are suitable even for nonblackbody
surfaces.
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1.6.2 Configuration Factor Properties

The configuration factor of a surface only reflects the effects of the surface’s
physical geometric characteristics such as its shape, dimensions, and relative
positions on the radiation heat transfer. The configuration factor has nothing
to do with the temperature or radiation properties (such as emissivity) of the
surface under the premise of a diffuse gray surface, uniform temperature, and
uniform radiation.

Configuration factor properties derived from its definition and integral equa-
tion are as follows.

1. Reciprocity
For any two surfaces i and j with areas A; and A, the configuration factor
from surface i to surface j is ¢;; and the configuration factor from surface j
to surface i is ¢j;. The following is then obtained based on Egs. (1.74a) and
(1.74b):

0;A =0 A; (1.75)

where there is no special requirement for surface shape, for example, the
surface need not be concave. The equation is applicable to surfaces that sat-
isfy the simplified engineering conditions (Section 1.7) of diffuse gray sur-
face, uniform temperature, and uniform radiation.
2. Additivity

The very definition of configuration factor implies additivity. As shown
in Fig. 1.14, surface A, is composed of the surfaces A, and A,p, that is,
Ay = A, + Asp.
The projected radiant energy from A to A, is:

Q12 =024+ A28
Thus, the configuration factor from A; to A, is:

_Op Oioa . 028
P ===
) ) )

The additivity of the configuration factor simplifies the calculation when de-
termining the configuration factor from a surface to another complicated sur-

=024 T Q128 (1.76)

FIGURE 1.14 Additivity of the configuration factor.
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face. The complicated surface can be divided into several simple surfaces to cal-
culate each configuration factor before adding the results according to additivity.
3. Integrity
All energy emitted from a nonconcave surface A; is Oy, and the energy
projected onto the surfaces surrounding it is represented by A, (k = 1,2,...,n).
According to energy conservation:

0= ZQlk
p
Then,
3 o =1 1.77
k:1¢1k (L.77)

This equation states that the sum of the configuration factors from A; to
Ay equals 1. In fact, this conclusion can be drawn directly from the definition
of “configuration factor.” The integrity of the configuration factor is very
important when calculating using algebraic methods.

When surface A, is concave, some of the radiant energy of A, is reflected
onto itself, so Eq. (1.77) must add another term, ¢;:

ot Z oy =1 (1.78)

4. Equivalence
As shown in Fig. 1.15a, surfaces A; and A, centered in differential dA,
have the same solid angle Q:

Ajcosf;  AjcosH,

r12 r 22

Q=

The energy radiated from dA, to A is:
dQo1 = @q, .1 EdAy

(b)

FIGURE 1.15 Equivalence of the configuration factor. (a) Schematic diagram of derivation of
equivalence. (b) Schematic diagram of equivalence.
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The energy radiated from dA to A, is:
dQo, = @q4, 2 EdA,
By definition, dQy; = dQ(, when the solid angle is the same. Thus:

Pay.1 = Pdy 2 (1.79)

This is the equivalence of configuration factor, which reveals that as long
as the solid angles of objects from dA are the same, the configuration factors
from dA to the objects are also the same, regardless of distance and shape. As
shown in Fig. 1.15b, ¢, = ¢1» = ¢;»~. This property can be used to calculate the
configuration factor of curved surfaces or irregular surfaces, because the surface
can be substituted by its projection plane.

1.6.3 Configuration Factor Calculation

When calculating radiation heat transfer, analysis and calculation of configura-
tion factor is a crucial consideration, or even the primary consideration. Gener-
ally, in engineering and scientific calculations, calculating configuration factors
is highly complicated—sometimes analytical methods are not sufficient, and
graphical or numerical methods are necessary. The graphic method and numeri-
cal method based on Monte-Carlo’s method are not discussed here, but details
are available in previous research [18,20].

The analytical method for calculating the configuration factor includes
the integral method, differential method, and algebraic method. The integral
method can be further divided into the direct integral method and loop inte-
gral method. The direct integral method calculates according to the definition
of the configuration factor, that is, by substituting geometric parameters into
Egs. (1.69) and (1.74a) to obtain the expression of the configuration factor after
multiple integrations. This is the most commonly used method, but also the
most complicated.

1. Integral method
a. Configuration factor of two differential surfaces

Example 1.1
As shown in Fig. 1.16, find the configuration factor between two differential sur-
faces on two narrow strips with parallel normal characteristics.

Solution
According to the equation derived above, the configuration factor of two differ-
ential surfaces is:

_ cospicosfrdAy

®d,,d, = 72 = cospidQ
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FIGURE 1.16 Calculation of the configuration factor between two differential surfaces on
two parallel narrow strips.

As Fig. 1.16 suggests:
12 =52+ x2

and,

_scosf _ scos@

cospf; = =

/ (S2+X2)1/2

Consider the solid angle of dA, from dA;:

do projected area of dA, _ projected width of dA, x projected length of dA,
1= =

? I?
(sdB)(dxcosy)  (sdOdxcosy)
B 2 NG
Because
cosy =2
V=1
s2dOdx  s2d@dx
doy = E (s2+x2)2
then,
_ scos® 1 s2dOdx
Pey,dy = 2+ x2)2 1 (s2+ x2)12
and finally,
_ s%cos0dOdx (1.80)
Py = (5% + x2)?

This is the equation for the configuration factor from dA; to dA,.
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FIGURE 1.17 The configuration factor from differential surface dA; to narrow infinite
strip ds,.

If dA, is a narrow infinite strip, integrate x from —co to +o0, then the configura-
tion factor from the differential surface dA; to the narrow infinite strip ds, can be
calculated. Its geometric shape and relative position are shown in Fig. 1.17.

_ s%cos6d6 T odx
P dy = J (s + x2)?

—oo

s3cos0do X / x 1%
= +——arctan=
T 252(s2 4+ x2) 252 sl

_ cosfdf
2

1
=—d(sin6

2d(sin6) (1.81)
where 0 is on plane yz. Regardless of the way the position of dA; varies on narrow
strip dsy, Eq. (1.81) can be used to calculate the coefficient. So the configuration
factor between two infinite narrow strips with parallel normal is also Ed(sine) ,
and:

1, .
Ody dy :Ed(sme)

b. Configuration factor between a differential surface and a finite surface
The configuration factor between a differential surface and a finite
surface can be derived according to the definition of the configura-
tion factor and the configuration factor equation of differential sur-
faces. Consider the radiation heat transfer between isothermal differ-
ential surface dA, and isothermal blackbody surface A,, as shown in
Fig. 1.18.
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FIGURE 1.18 Radiation heat transfer between dA; and A,.

Total energy emitted from dA; is:
dQ, = oTi'dA,

The energy radiated from dA; on dA, is:
dQy 4, =T waﬁl dA,
ml
Integrating the finite surface A, provides the energy from dA; to A,:

cosfcos
dQy, » = J ot MdAldAZ
I nl

According to the definition of the configuration factor:

dQy »
dQ,

O'Tl4 %dfhdAz

Pg 2=

I oT*dQA,
= —dcosﬂ;;"sﬂz Ay (1.82)
Ay

The expression in integral brackets is simply the configuration factor
between dA; and dA,, that is, ©@4,.4,, thus Eq. (1.82) can be rewritten as
follows:

Pa2= | Paa (1.83)

Ay
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Example 1.2

As shown in Fig. 1.19a, differential surface dA; is perpendicular to the disc A, of
radius ry. Given the expression of the configuration factor from dA; to dA, using
parameters h, |, and ro.

Solution
First, substitute the known parameters into Eq. (1.82) and then simplify it.

To determine cosp;, cosB,, and /, two auxiliary charts are plotted as shown in
Fig. 1.19b and c.

The area of differential surface dA, can be calculated by the radius r and angle
0 of the disc:

dA, = rdrd@

Using the auxiliary chart in Fig 1.19b:

cosp, = s+ rlc059
cosf, = h

/

Using the auxiliary chart in Fig. 1.19¢:

1> =h?+b?
dA | grroosd
1
| \]
B
| 1 / k
I B2
h oS N A4,
.
0B
s rcos6
(b)
|
dA, :
|
AT
I
I
h L dA,
b
7 %
0/&
R s rcosf
(@) (c)

FIGURE 1.19 Calculation of the configuration factor from differential surface dA; to disc
A,. (a) Geometrical relationship between differential surface and disk. (b) Auxiliary chart for deter-
mining cosf, cos,. (¢) Auxiliary chart for determining /.
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where
b? = (s + rcosf)? + (rcos6)?

=52+ 1%+ 2srcosb

Substituting the above equations into Eq. (1.82) yields:

cos[31cos[32dA2 _ J h(5+m056).dd9

(Pdwz—J‘ e

A

h’o 2r

:_J ,[ : r(s+rcos@) drde

2 2 2 2
T2 oo (h” 57417+ 2srcos6)

According to shape symmetry, dimensionless variables are defined as follows:
H=nh/s,R=1ry/r,P=rls

Divide the numerator and denominator by s*, and finally:

2h 5+rc059)
>d6d)
P2 = .[ oje 0(h%+r?+5s%+2rscos6)? '
_[ _[ P(1+ Pcos6) dedp
P=0J6=0 (H2 + P2 + 14 2P cos 0)? (1.84)
_H H2+R?+1 B
2|[(H2 4R + 12— 4R2]"

c. Configuration factor between two finite surfaces
As shown in Fig. 1.20, there are two blackbody surfaces A; and A,, and dA,,
dA, are the differential surfaces on A, and A,, respectively.

FIGURE 1.20 Radiation heat transfer between surfaces A; and A,.
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The energy radiated to dA, from dA; is:

20, 4 =0T Md,{ dA,
T

Then, integrating over the finite area for A; and A, yields:
12 = j JGT4 MdAldAz
ml
A Ay

The total energy leaving A, is A, T*, so the configuration factor from A, to A, is:

j J oT* MdAldA
nl?

o1 = e — L] w,m dA,
0 Ay A A A T
Because
cosf3cos
Ody d, = 7’; P e dA,
then,
Q= _[ I‘Pd,dszl
A1 Ay
also,
Qa2 = _[ Pa, d,
Ay
SO:
P =— J(Pd] 2dA, (1.85)
Al

Similarly, the configuration factor from A; to A, is:
0y =— I Qa, 1dA, (1.86)
2 AZ
According to the interchangeability of the configuration factor:
APy = Ay
Then,
A

=—@ =— dA
(51 A, D12 A2 '[(Pd] 204

=—_[A2§02d1 J.(PZdl (1.87)
A
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Example 1.3

There are two flats with finite width, infinite length, and intersected angle of «,
as shown in Fig. 1.21. The configuration factor of these two flats is identified as
follows.

Solution
The solution can be divided into two steps: first, calculating the configuration fac-
tor from the narrow strip dx to the surface with the width of s, ¢ ;; then obtaining
@y s by integrating x.

Draw the auxiliary chart as shown in Fig. 1.21b, then, according to Eq. (1.81):

1 .
(pdx,dz = E d(sm@)

where angle 6 is in the normal plane of the two differential narrow strips, which is
positive in the clockwise direction of the normal line of dXx.
The configuration factor from dx to the surface with the width of s is:

s 0 4
1, 1, .
Pass = :[(de,dz = J 5d(sun6)+J§d(S|n9)
2=0 P4 0
2

sinf |, sin@ o 1T 1.
=— +— 9 _=—+—sin@
2 |e:-§ 2 90 7 2

The expression of function sinf’ from Fig. 1.21b is identified as:

., b 5COSOL — X
sing’=—=-——— 172
c  (x*+4s°—2xscosq)
Thus,
_ sCosQ — X
Pax,s =5 172

+
2 2(x? 452 —2xscosa)

(@) (b)

FIGURE 1.21 Configuration factor calculation between two flats. (a) Cross-section view of
two flats with intersected angle of . (b) Auxiliary chart for determining sinf’.
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According to interchangeability, another configuration factor is:

X
cosor——
dx 1 s

Dax,s =| —

. (1.88)
25 2(x?+ 52 — 2xscoscr)

(Ps,dx = ? 73 dx
From Eq. (1.87):

X
cosat ——
S

dx

s/ s’
= = —+
Pss Xl.o(ps’dx 2[ 25 2(x?+ 52— 2xscosa)?
According to subject meaning, s = s’. Define a dimensionless variable ==X,
then the above equation can be rewritten as follows: s

1
1 cosor— X
==+ dx
Qs s b[I: 2 2()(2 +1- 2)(C0505)1/2 :|

Integrate the above equation, then:

1
1-cosa \2 La
§05,5’=1_(T) 21—Sln5 (189)

Eqg. (1.89) suggests that the configuration factor of flats of the same width is
only related to the intersected angle. Because the areas of two flats are the same,
according to interchangeability:

Qs = Qg s

The above derivations exist under the premise that the surfaces are iso-
thermal blackbody surfaces. Their applicability will be discussed in detail in
Section 1.7.

2. Algebraic analysis method

The integral method determines the configuration factor through integral
operation, thus it is rather difficult to calculate for complicated geome-
tries. Determining the geometric configuration factor with some known
configuration factor expressions can be realized by algebraic analysis,
which is quite simple and successfully avoids integral operation. The al-
gebraic analysis method is based on the energy conservation law and the
interchangeability of the configuration factor. For example, as shown in
Fig. 1.22, if the configuration factor ¢, from surface A, to surface A, is
known, and the area of A, is the sum of A3 and A4, according to the energy
conservation law:

Q12 = Q1 3+4) = P13+ P14
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YN

X4/

FIGURE 1.22 Example of configuration factor calculation with the algebraic analysis
method.

where Az + Ay = A,. If ¢, and ¢, are known, the calculation of ¢4 or ¢4
becomes very easy. ¢4 can be calculated as follows:

P14 =@ — P13

Then, according to the interchangeability of the configuration factor, ¢, can
be calculated as:

A

‘P41=A4

A
Qe =12 —¢13) (1.90)
Ay

Example 1.4
Determine the radiation configuration factor ¢y, in Fig. 1.23.

Solution
Draw an auxiliary line from the surfaces of area A, and area As to obtain:

A=A+ Ay Ap = A3+ A

The radiation configuration factor must be calculated with known results.
According to the energy conservation law:
A1aPi2,34 = Aa@i2,3 + APio 4
AQi2,4 = Ara + Aoy
Axpr34 = APaz + Axoy

FIGURE 1.23 The configuration factor between two nonadjacent rectangular surfaces.
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From the relations above, the following can be derived:

AQ14 = A12P12,4 — Ao02 24
= (A12012,34 — AaP12,3) = (Ax 34 — Ax23)

1
014 = ——(A1P12,34 — APr2,3 — Axr 34 + Axpa3)

A

39

(1.91)

where  @1334,0123,9234,and@,3 can be calculated by the known equations, or

determined from charts and tables.

Example 1.5

Determine the configuration factor from differential surface dA; to coaxial parallel
ring Ay (Fig. 1.24). The inner radius and outer radius of the ring are R; and R,, and

the distance between the two surfaces is D.

Solution

By checking the chart or integration, the configuration factor from the differential

surface to the coaxial parallel rings is:

__ R
Pap,Aq = RZ+D?

__R
P, A, = RI+D?

The area of the ring A, is calculated as A; = Agy—Agy, thus:

Py, A, = Pda,Ar, ~ PdA A,
__ R R?
R3+D? R} +D?

(1.92)

FIGURE 1.24 The configuration factor from differential surface dA; to coaxial parallel

ring A;.
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()

FIGURE 1.25 The configuration factor between two parallel coaxial rings A, and Aj. (a)
Configuration factor between two parallel coaxial rings A, and A;. (b) Configuration factor between
two parallel coaxial disks.

Example 1.6
Determine the configuration factor between two parallel coaxial rings A, and Aj;.
Relevant geometric sizes are shown in Fig. 1.25a.

Solution
By checking the chart or integration, the configuration factor between two parallel
coaxial discs is:

.
R‘]:El
.
RZ:FZ
2 (1.93)
x=1+];’§2
1
2
1 R
=—|X-,[X2-4| 22
P12 7 [le

This question can be solved by the known configuration factor in Eq. (1.93):

$23 = Q3 (3+4) ~ P24 (1.942)
Because
Asr 3+4) = (A3 + AN @344),042) — P344)1)
= (A3 + AP, — (A3 + ADPEa1
thus,
Ax2,344) = (A3 + ADP14),142) — AP 3+4)
and

A A
Q4 = A*z(l’ztz = A*z(%,mz) —Q4)
1
= A—[(A1 + AP0 — Ara |
2

By substituting @,4 and @5 3,4) into Eq. (1.94a), the following is finally obtained:
Al

P23 =

+ A A
2 [‘P(1+2),(3+4) ~—Pa+2),4 ] - —1[(P1,(3+4) — Q14 ] (1.94b)
Ay Ay



Theoretical Foundation and Basic Properties of Thermal Radiation Chapter | 1 41

where (1,2 3+4), P(1+2).4 @1 (3+4),and @14 all are the radiation configuration factors
between two parallel coaxial discs.

3. Common calculation formulas of configuration factor (See Appendix B.).

1.7 SIMPLIFIED TREATMENT OF RADIATIVE HEAT EXCHANGE
IN ENGINEERING CALCULATIONS [12]

In order to successfully apply fundamental thermal radiation laws to engineer-
ing application, it remains necessary to simplify the actual problem by way of a
few reasonable assumptions.

The primary tenets of simplification are the applicability of relevant laws,
and the required accuracy of solutions. Essentially, the goal of simplification is
to apply laws simply and effectively to engineering practice with acceptable ac-
curacy. Restrictions are set based on mastery of engineering data, for example,
determining whether there are sufficient experimental data to validate the sim-
plification method, or whether there are sufficient experimental data to provide
empirical equations for simplification. The following will further discuss the
simplification treatment commonly used in engineering.

1.7.1 Simplification Treatment of Radiation Heat Transfer
in Common Engineering Calculations

Based on the fundamental concepts discussed earlier, the following simplified
conditions are typically utilized in heat and power engineering fields:

1. Isothermal surface

2. Diffuse gray surface

3. Homogeneous surface radiation properties
4. Homogeneous surface radiosity

1.7.2 Discussion on Simplified Conditions

Unless otherwise noted, the above conditions are assumed to be true by default
in this book; they likewise hold true in common heat transfer calculations for
furnaces. The following provides explanations on four relevant simplification
conditions.

1. The isothermal surface assumption is not only applicable to surfaces, but
also to media such as flue gas. If the entire body’s isothermal assumption
introduces significant error, the surface can be divided into several partitions
and be calculated separately. The division method depends on the require-
ment for calculation accuracy. If the number of partitions is large, numerical
calculation is required.
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(a

FIGURE 1.26 Surfaces satisfying the first three conditions. (a) Satisfying conditions (4).
(b) Not satisfying condition (4).

2. Diffuse surfaces are only used to simplify surfaces, while graybodies are
applicable to both surfaces and media. If the diffuse gray assumption in-
troduces significant error, the surface can be divided into several partitions
which can be considered diffuse gray and calculated separately. The division
method is usually the same as that used in the isothermal surface assump-
tion.

3. When the assumption of homogeneous surface radiation properties or ho-
mogeneous surface radiosity is not satisfied, the above division method can
also be applied. (Please note that special calculation is required if any of
these conditions is not satisfied.) The treatment principles for these four con-
ditions are the same, but the specific results (such as the number of partitions
or partition size) may vary due to different influencing factors. Theoretical-
ly, the mathematical union method should be applicable, in which division
satisfies the most stringent requirements; however, in engineering practice,
simplified calculation usually seizes on major contradictions and neglects
minor ones.

4. A surface that satisfies the first three conditions does not always satisfy the
fourth condition. For example, the surface in Fig. 1.26a satisfies the first
three conditions as well as the fourth, but the surface in Fig 1.26b does not.

The difference between the two can be explained through the definitions and
physical implications of related concepts. If surface radiosity is to be uniformly
distributed, the reflected radiation should be uniformly distributed; if surface
reflected radiation is to be uniformly distributed, irradiation should be uniformly
distributed; if surface irradiation is to be uniformly distributed, the radiosity of
all radiation source surfaces must be uniformly distributed, and the radiant en-
ergy projected uniformly on all parts of the surface. According to the definition
of the configuration factor, the fraction of energy projected onto each part of
the surface is the same, so the configuration factors are the same. Assume that
surface i and surface j are two surfaces which form a closed system—the con-
figuration factor from differential element di on surface i to surface j then equals
the configuration factor between the two surfaces:

Pa.j = Pij

This is the mathematical expression of the fourth condition described earlier.
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Notably, the characteristic of radiation heat transfer and calculation equations
of the configuration factor described earlier are only true when these simplified
conditions are met. Otherwise, the configuration factor is unable to represent the
energy allocation relation with a purely geometric relation.

In general, if the fourth condition is not satisfied, the above simplified al-
gorithms can still be used because the resultant error is negligible; thus, the
fourth condition is usually neglected. Example 3.1 in Chapter: Radiation Heat
Exchange Between Isothermal Surfaces analyzes this phenomenon in detail.



Chapter 2

Emission and Absorption
of Thermal Radiation

Chapter Outline
2.1 Emission and Absorption 2.4 Absorption and Scattering
Mechanisms 46 of Flue Gas 50
2.1.1 Molecular Spectrum 2.4.1 Radiation Intensity
Characteristics 46 Characteristics 50
2.1.2 Absorption and Radiation 2.4.2 Exchange and Conservation
of Media 47 of Radiant Energy 54
2.2 Radiativity of Absorbing 2.4.3 Mean Beam Length,
and Scattering Media 49 Absorptivity, and
2.2.1 Absorbing and Scattering Emissivity of Media 59
Characteristics 2.4.4 Gas Absorptivity
of Media 49 and Emissivity 65
2.3 Scattering 50 2.4.5 Flue Gas and Flame

Emissivity 71

Generally speaking, a medium can exist in any of the four states of matter: solid,
liquid, gas, or plasma. As for thermal radiation, it is important to note that most
solids and liquids are strongly absorbing media (that is, they very readily absorb
thermal radiation). The thickness of a solid metal thermal absorption layer is
only a few hundred nanometers, and is usually only a fraction of a millimeter
for insulating materials. The thermal radiation characteristics of plasma, which
consists of a large number of charged particles, are quite atypical and not in-
volved in furnaces. Solid, liquid, and plasma media are not further discussed in
this book. By contrast, the thermal radiation absorption capacity of gas, which
is quite weak, is the main topic of this chapter.

The main components of air are O, and N,, both of which are transparent to
thermal radiation. The thermal radiation medium in a furnace is usually a com-
bination of fuel combustion products, such as CO,, H,0O, CO, SO,, and NO, in
the flue gas, and, of course, N, and O, as well. The components of the media
in the furnace and the surrounding air are different, so their radiation character-
istics are also different. The flue gas in the combustion chamber also contains
fly ash, carbon black, coke, and other solid particles in a solid-fuel-fired boiler,
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or coke particles in a liquid- or gas-fuel-fired boiler. The flue gas in a boiler
designed to combust municipal solid waste and industrial waste, may contain
HCI, Cl,, HF, or other components. (The contents of a fluidized bed which
combusts solid fuel are so unique that they are discussed separately, in chapter:
Heat Transfer in Fluidized Beds.)

This chapter will attempt to answer several important questions: Which
components in the medium are most closely related to thermal radiation in the
system? How do they emit and absorb thermal radiative rays, and how does an
engineer quantify their characteristics?

2.1 EMISSION AND ABSORPTION MECHANISMS
2.1.1 Molecular Spectrum Characteristics

The atomic spectrum of a chemical element is induced by the energy state transi-
tion of its electrons moving around its nucleus. The spectrum is lineal, and each
line has a corresponding frequency. Spectral line distributions are relatively
rare on the whole, and only become dense on the end. The molecular spectrum
differs significantly from the atomic spectrum, which is much more complex,
mainly due to the general complexity of molecular structures and the diversity
of internal molecular motion.

In addition to the motion of electrons, “molecular motion” also refers to
translation, rotation, and vibration, each corresponding to a certain energy.
Translational energy is caused by the thermal motion of molecules and is a
function of temperature. The translation of molecules does not alter molecular
dipole moment; as such, it does not include photon emission or absorption. The
energy related to thermal radiation includes extranuclear electron energy, vibra-
tional atom energy, and molecular rotation energy. Changes in energy cause the
emission or absorption of thermal radiative rays.

Nonpolar molecules in the air or flue gas, such as O,, N,, and H,, are sym-
metrical diatomic molecules. Their positive and negative charge coincides with
the center of the molecule and their dipole moments are zero, so their electron-
ics are distributed symmetrically. Rotation of the molecules and vibration of
the internal nuclei do not cause any changes in the electric field surrounding the
molecules or any energy state transition, thus no photon emission or absorption
occurs. Nonpolar molecules can therefore be considered transparent to thermal
radiation.

As for polar molecules such as CO,, although they have symmetrical centers
and zero permanent dipole moments, the center of their positive and negative
charges may be relatively offset by internal molecular vibration, resulting in in-
stantaneous changes in dipole moment. Therefore, their energy state transitions
lead to emission or absorption of thermal radiative rays.

Polar molecules in certain media, such as H,O, CO,, CO, and HCI, have in-
congruous positive and negative charge centers in the molecule, thus the dipole
moments of the molecules are nonzero. When the vibrational and rotational
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energy states of the polar molecules change, there is emission and absorption of
radiant energy. To this effect, polar molecules in the medium are opaque—that
is, they have radiation and absorption capacity.

2.1.2 Absorption and Radiation of Media

Studying radiation heat transfer usually involves referring to solely gas media.
Liquid media, due to their relatively large density and very small mean beam
length, show negligible radiation heat transfer compared with heat transfer
through convection and conduction. Of course, a gas medium may contain solid
particles (such as coke or ash) but in fairly low concentrations — generally be-
tween a few hundred milligrams and a few grams per cubic meter in the furnace
of a pulverized coal boiler or grate boiler, and up to several hundred grams to
several kilograms per cubic meter in the dilute zone of a circulating fluidized
bed boiler. The radiation, absorption, and scattering phenomena of gas media
are the focus of this book. To illustrate the mechanisms of media absorption and
radiation in the industry, the simplest case (ie, a medium of purely flue gas) is
discussed first; specifically, we will explain why some molecules and atoms in
a flue gas have radiation and absorption capacity, while others do not.

Quantum mechanics tells us that thermal radiation involves photons within
infrared and visible light frequencies, called thermal radiative rays, which
are the basic unit of radiant energy. When a medium emits photons (thermal
radiative rays), microscopically, the atoms (or molecules) of the medium emit
photons due to energy state transition in the atoms (or molecules). Fig. 2.1
shows the three types of absorption and radiation that form when a medium
absorbs or emits photons (ie, bound state-bound state, bound state-free state,
and free state-free state). E; represents zero energy level, which is the ground
state of the medium’s particles (atoms or molecules) and is also the lowest level
of bound states. Ej is the ionization potential of the particles, and energy levels
between E; and Ej (E,, E;, etc.) are bound state levels. Ionization potential
energy Ep is the minimum energy that a particle requires for ionization from
the ground state.

I Bound state-bound state absorption
I Bound state-bound state emission
111 Bound state-free state absorption
IV Bound state-free state emission
V Free state-free state absorption

VI Free state-free state emission

FIGURE 2.1 Schematic of energy-level transition due to emission and absorption.
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Particle energy levels in the bound state are in a discrete, steady state, that is,
the energy difference between the different levels is fixed. Thus, the generated
or absorbed energy due to bound state- bound state transition is also fixed, and
is proportional to photon frequency. See the following:

e=hy 2.1)

where  is Planck’s constant (6.63x1073* Js) and v is the photon frequency.

In the case of photon emission due to energy level transition, such as when
a photon is emitted due to energy level transition from E, to E3 (as shown in
Fig. 2.1), the energy transition can be expressed as follows:

The photon frequency can be obtained based on Eq. (2.1) as follows:

_AE_Ei-Fy
h h

v (2.3)

The frequencies of the photons emitted from bound state-bound state tran-
sitions are constant, thus the transitions between different energy levels of
bound states generate a series of discrete spectral lines at different frequencies.
Conversely, when a molecule or atom absorbs a photon, it can transit from its
bound state to a higher energy level. The energy levels are discrete, so the fre-
quency of the absorbed photon is discontinuous. Ideally, the transitions between
bound states will form the same spectral line regardless of whether photons are
being absorbed or emitted. In actuality, they are widened due to various causes
(including natural broadening, Doppler broadening, and Stack broadening). The
spectral lines have a certain width, and the conditions become complicated.

There is no ionization or complex of ions and electrons during bound state-
bound state energy level transition; when an atom or a molecule absorbs or
emits a photon under these conditions, it is actually the bound state that is re-
sponsible for absorbance or emission. The atom or molecule transitions from
a determined bound state to another state which can be rotated, vibrated, or
undergo electron or molecular motion.

The vibrational and rotational energy levels of a molecule or atom are, by
definition, mutually associated. The superstition of the rotation spectrum from
rotational energy level transition, plus the vibration spectrum from the vibration
level transition, generates a small spectral band. If the band exists on a continu-
ous interval on average, the vibration-rotational band can be observed. Within
the temperature range (500-2000 K) commonly encountered in the industry,
emission and absorption are mainly caused by vibrational and rotational transi-
tions. Generally, the rotational transition spectral lines are within the long-wave
range (8—1000 wm) and the vibration-rotational transition lines are within the
infrared range (1.5-20 wm). Electronic transition is an important cause of emis-
sion and absorption, which forms at high temperatures (T > 2000 K) and has
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spectral lines mainly within the visible spectral range (0.4-0.7 wm) and the
adjacent infrared and ultraviolet ranges.

2.2 RADIATIVITY OF ABSORBING AND SCATTERING
MEDIA [24,26,30]

2.2.1 Absorbing and Scattering Characteristics of Media

2.2.1.1 Absorption

Absorption is a phenomenon through which the energy of thermal radiative rays
shrinks as they pass through the medium—the medium is called an “absorbing
medium” for this reason. The radiation and absorption characteristics of the
absorbing medium can be summarized as follows:

1.

The radiation and absorption processes are carried within the entire vol-
ume. As discussed in Section 2.1, microscopically, the absorbing medium
contains a large number of molecules or particles capable of absorbing and
emitting thermal radiative rays. These molecules or particles emit thermal
radiative rays while also absorbing thermal radiative rays continually un-
der certain thermodynamic conditions. Macroscopically, these molecules or
particles always fill the entire volume, as they are gaseous. If the density of
molecules or particles is low, the magnitude of the beam length of travel and
the volume are the same or similar. Therefore, the radiation or absorption of
the medium always occurs throughout its entire volume.

. Absorption and radiation may show a significant amount of selectivity. Ra-

diation and absorption only occur within a certain range of wavelengths in
the medium called the “light band.” There is neither radiation nor absorption
in the medium beyond the light band, as shown in Fig. 2.2.

Theoretically, when it comes to the molecules or particles having the ability

to emit and absorb thermal radiative rays, photon emission and absorption are
carried out at a specific frequency (spectrum) characterized by their energy level
distribution and thermodynamic state; these frequencies determine the range of

the light band.
o o,
H,0
I’\I/\Ilmll/l\'\ | N |

10 141822 30 40 60 80100 140
12 1.6 20 24 35 50 70 90 120 160
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FIGURE 2.2 Main light band of CO, and H,O (gas). Note: The main light band of CO, is
(2.65-2.80, 4.15-4.45, 13.0~17.0) um; the main light band of H,O (gas) is (2.55-2.84, 5.6-7.6,
12.0~13.0) pm.
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The emission and absorption spectrums of the absorbing medium are not
continuous, thus, in effect, this type of medium cannot be considered a gray-
body.

2.3 SCATTERING

As indicated in physics, there are four types of scattering: elastic, inelastic,
isotropic, and anisotropic. Elastic scattering is the process through which the
energy, frequency, and wavelength of the photon remain unchanged due to
the scattering of collision, but the motion direction of the photon does change,
thereby changing its momentum. Inelastic scattering is a process through which
the energy and momentum of a photon both change. Isotropic scattering occurs
when scattering energy distribution is equal in all directions; if unequal, the
scattering is anisotropic.

When thermal radiative rays pass through a medium, elastic scattering is
predominant—that is, the photon energy stays constant but its momentum
changes. Scattering, like absorption and radiation, occurs throughout the entire
volume of the medium and has additional selectivity.

2.4 ABSORPTION AND SCATTERING OF FLUE GAS

Generally, the flue gases from boilers and industrial furnaces burning fossil fu-
els contain diatomic gases (such as N,, O,, and CO), triatomic gases (CO,, H,O,
and SO,), and suspended particles (carbon black, ash, and coke). As mentioned
earlier, the radiation and absorption capacities of N, and O, are very weak, so
they are considered transparent to radiation, and the volume concentration of
CO is generally low (eg, 50 X 107¢ ~ 300 X 10°), so it can be neglected. The
concentration of triatomic gases is high, up to 5-30% or more, and the con-
centration of suspended particles can reach the level of a few grams to several
hundred milligrams per cubic meter of flue gas. Therefore, when it comes to
heat transfers, triatomic gases, and suspended particles are the main radiation
and absorption components in the flue gas.

The scattering capacity of gases is weak enough to be neglected; however,
gases containing suspended particles are considered absorbing-scattering media
due to the effects of particle scattering (including reflection, refraction, diffrac-
tion, and so on).

2.4.1 Radiation Intensity Characteristics

As defined in chapter: Theoretical Foundation and Basic Properties of Thermal
Radiation, radiation intensity is the amount of energy emitted per unit time from
the unit surface area normal to the radiation direction through the unit solid
angle. [The unit is expressed as W/(m?-sr).] Radiation intensity can thus be de-
fined for a solid surface.
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dA, dA

(2) (b)

FIGURE 2.3 Schematic of radiation intensity. (a) Heat determined by radiation intensity of
emitter, (b) heat determined by radiation intensity of receiver.

Let’s assume that there is a surface in the absorbing medium, thus the radia-
tion intensity through the surface can be defined as the energy emitted per unit
time per the unit solid angle or per the unit projection area normal to the radia-
tion direction—these two definitions are exactly the same.

An important characteristic of radiation intensity is that it remains constant
in the transparent medium in any given direction; the following provides simple
proof of this phenomenon.

As shown in Fig. 2.3, the radiation intensity of the radiation source with an
area of dA, is I, the area receiving the radiation is dA, dA, and dA are separated
by s distance, and the medium is transparent. Referring to Fig. 2.3a, heat flux
d*Q can be expressed according to radiation intensity /; as follows:

d*Q = 1,dA,dQ

Since dQ = d—? , then
s

d’Q=

1,dA,dA
e 2.4)

N

Referring to Fig. 2.3b, the radiation heat flux 4°Q flowing through dA along
the direction of s can be described as:

d*Q = IdAdQ
. dA . . .
Substitute d€X =—= into the above equation to obtain:
s
1dAdA
d’Q= — (2.5)
s

Comparing Eq. (2.4) with Eq. (2.5) gives us: I = I,. Because distance s is ar-
bitrary, the radiation intensity / remains constant throughout the entire medium.

2.4.1.1 Transmission and Absorption of Radiant Energy

The above section discussed the invariant property of radiation intensity in a
transparent medium. Does intensity / remain constant through an absorption-
scattering medium?



52 Theory and Calculation of Heat Transfer in Furnaces

Experimental results show that when monochromatic radiation with wave-
length A moves vertically through an absorbing medium with layer thickness of ds,
the change in radiation intensity is proportional to the intensity. See the following:

dly
ds

=-Ky1l (2.6)

where K, is a proportionality constant, characterizing the radiation intensity
attenuation per unit distance, which is called the “monochromatic extinction co-
efficient” (m™!). K, is influenced by the properties, pressure, temperature, and
wavelength A in the gas. The negative sign indicates that the radiation intensity
decreases as the thickness of the gas increases. It is important to note that K
includes both absorption and scattering effects.

Integral Eq. (2.6) and the radiation intensity at s = 0 are set to I, o, that is, if
I, ¢ is the irradiation intensity, then:

L=l exp(—jo K ds) 2.7

This is an experimental law describing the gas absorption process called
Bouguer’s law.

In Eq. (2.7), when K, remains constant, then optical thickness 5, ; can be
defined as 6, ; = Ks.

To define monochrome transmissivity 7) ; and monochrome absorptivity
a, ;, assume K), to be constant, then calculate as follows:

I
Thy =25 —exp(—Ks)= e % (2.8)
Iy
Lo-1
P R 7 (2.9)
Iy0

Fig. 2.4 shows the curves of 7, ; and «,  plotted according to Egs. (2.8)
and (2.9).

The total transmissivity 7, and total absorptivity «, can be derived by calcu-
lating radiation intensity changes along the entire spectrum as follows:

o X,
T _E_J‘OIW—AM (2.10)
s = - .
Iy =
jo LodA

o, =1-1 (2.11)
Therefore, the total transmissivity 7, and the total absorptivity «; are associ-

ated with medium properties (such as K)), the spectral distribution of irradia-
tion, and the bulk size of the medium s.
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FIGURE 2.4 Curves of 7, ;and o

By Kirchhoff’s law, monochrome emissivity equals monochrome absorp-
tivity (¢, s = a) ¢), so total emissivity can be calculated as follows:

J‘:EM (1 —e K )dl
&= or*

2.12)

24.1.2 Classifying the Absorbing Medium

A medium can be classified into one of the three following categories (gray-
body, selective, or selective graybody), according to the relation between its
monochromatic extinction coefficient K, and wavelength A.

1. Graybody medium

As shown in Fig. 2.5, [ is the original spectral distribution of the irradiation in
a graybody. As the thickness of the medium crossed by a ray increases, mono-
chromatic radiation intensity I, evenly decreases while the monochromatic ex-
tinction coefficient K) remains constant, that is, the shapes of the curves in
Fig. 2.5 remain similar but their heights become smaller. Let K) =K, A €[0,c0],
then the above fundamental relations can be simplified as follows:

dl =—-Klyds (2.13)
=1y ® (2.14)
T=e K (2.15)
oa=g=1-¢% (2.16)
[/1
§ increase
10
0 A

FIGURE 2.5 Attenuation characteristics of gray medium.
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FIGURE 2.6 Attenuation characteristics of selective media. (a) Continuous spectrum. (b) Dis-
continuous spectrum.

2. Selective medium

A graybody medium has no selectivity and a continuous spectrum, making it
an ideal medium. A real medium, conversely, approximates to a selective me-
dium, which has a continuous spectrum but K, varies with A (the case for flue
gas containing small carbon particles), or a discontinuous spectrum, where for
some light bands, K, varies with A and for the remaining light bands, it becomes
transparent (the case for a real gas).

Fig. 2.6a depicts a continuous spectrum—as the thickness of the medium
s crossed by a ray increases, not only does monochromatic radiation intensity
I, decrease, but monochromatic extinction coefficient K, also decreases, mak-
ing the shape of the curves slope down. Fig. 2.6b depicts the same curves for a
discontinuous spectrum.

3. Selective graybody medium

A selective graybody medium is one that has absorbing ability and a constant
K, for certain light bands, and K, = 0 for other light bands. Because the medium
has no absorbing ability for some of its light bands, the projection radiation
from the continuous spectrum cannot be absorbed completely, even if for some
of the spectral lines the medium is thick enough (even if it is infinite), thus, the
absorptivity of the medium must be smaller than 1.

In engineering calculations, most media are considered graybodies — gas-fired
boilers and industrial furnaces, as opposed to pulverized coal boilers (PCBs) or oil
furnaces, are often considered selective graybodies due to the selectivity of flue gas.

2.4.2 Exchange and Conservation of Radiant Energy

The radiation characteristics of absorption-scattering media were discussed in
Section 2.2; based on this information, the following section discusses the radi-
ant energy transfer law of media.

2.4.2.1 Differential Volume Radiation

Fig. 2.7 depicts a differential medium dV with extinction coefficient K (which
remains constant in the dV) situated in the center of a large, hollow blackbody
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Spherical blackbody
surface with the

.4 perature T

FIGURE 2.7 Differential volume radiation.

sphere, the wall temperature of which is 7. The medium filled between dV and the
sphere wall is transparent, and dA is a differential area of the wall of the black-
body sphere. The temperature of the entire system (including dV) is uniform.

The radiation intensity I, from dA to dA; is attenuated as follows when mov-
ing into dV for ds distance:

I = Ie Kds (2.17)
The change in the radiation intensity is thus:
dl =1-Iy=-I(1-¢™%) = I Kds (2.18)
(first-order series expansion)
The radiant energy emitting from dA and absorbed by differential volume
dAds is:
d*Q, = —dldAdQ = I, KdsdAdQ (2.19)

where dQ=dA/R?, thus the radiant energy emitting from dA and absorbed by
dVis:

d*Q, = jdvd3Qa = I,KdVdQ (2.20)

The radiant energy projected onto dV from the entire sphere wall and ab-
sorbed by dV is:

A0y =  d’Q,=1,KdV| dQ=47KI,dV=4KE,dV (221)
Q=4r 4

where E, = £T* is blackbody emissive power.
Because the temperature of the entire system is uniform, it can be calculated
based on the energy balance equation, where the radiation from dV is:

d*Q, =d*Q, = 4KE,dV (2.22)
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Without considering the gas medium’s capacity to absorb its own
radiation, if the radiation intensity emitting from dV in all directions is
uniform, then:

_dQ, _4KE,dv
4mdA,  AmdA,

= KI,dS (2.23)

I

dv
where dA, =d— is the projection area of dV on the plane normal to the
s

emitting direction, and ds is the thickness of dV parallel to the emission
direction.
For a nongray medium, Eqgs. (2.22) and (2.23) can be rewritten as follows:

d’Q,, = 4K, E, ,dVdA (2.24)
dls/l = K)'Iblds (225)

The calculation equations for radiant energy and radiation intensity of the
absorbing differential medium dV as derived earlier are the foundation for es-
tablishing the radiative transfer equation.

2.4.2.2 Radiation Transfer Equation

We now know that radiant energy is attenuated when passing through an
absorption-scattering medium, obeying Bouguer’s law, while radiant energy is
also enhanced because of the medium’s own radiation. Thus, a radiative transfer
equation that considers both effects must be established to account for all radi-
ant energy transfer characteristics in the medium.

Let’s first consider an example using a purely absorbing medium, the at-
tenuation K of which is a function of temperature considered to be constant,
thus:

Medium absorption: dl, =—KlIds

Self-radiation: dI; =—KlI,ds
where [, is the radiation intensity of a blackbody at the medium’s temperature.
The total variation of the radiation intensity is expressed as follows:

dl =dI;+dl, = (I, - I)Kds

Define optical thickness § as 6 = K, then:

54‘1 = Ib (226)

which is the differential form of the radiative transfer equation. By integrating it
from & = 0 to §;, we obtain, of course, the integral form of the radiative transfer
equation:

S
[=1e% +e 0 jo '1,e9dS (2.27)
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where [, is irradiation. For nongray media, the monochromatic radiative trans-
fer equations can be written as:

dl,
Lryr =1 2.28
45, 2 =12 (2.28)
S
I =I5 + ¢~ jo“ Iy,¢% ds, (2.29)

The effect of scattering is not considered in the above equations. The follow-
ing results after introducing the scattering term to the equations for absorption-
scattering media:

di,
—% ==Kl + Koyl + 05 =—(Kop + K )15 + Koadp, + Oy, (2.30)

ds
=—Kply — K Iy + Kplpy +0;

The first term on the right-hand side represents the decrease in radiant
energy due to medium absorption, the second term represents the decrease
in radiant energy due to medium scattering, the third term represents the in-
crease in radiation due to the medium’s own radiation, and the fourth term rep-
resents the increase in radiation due to the scattering of the irradiation from
space in the s direction. Divide both sides of the equation by K, and substitute
Kl = K(xl +Ksl’6/l = KAS to obtain:

dily K, )
Lo | 1= |, + 231
45, A [ X )bl (2.31)

2.4.2.3 Energy Balance Equation

Why establish an equation to calculate energy balance? As shown in Eq. (2.26),
I,, is a function of temperature; strictly speaking, 6 is also a function of tempera-
ture, so the radiation intensity / cannot be calculated using only Eq. (2.26). An
energy balance equation must be established for simultaneous solution with Eq.
(2.26) to determine temperature and radiation intensity.

According to the energy balance equation dQ, = dQ,, and the derivation of
differential volume radiation, the following equation can be obtained:

4 4
Kjo 1dQ+0-4KoT* =0 (2.32)

where Q is the heat obtained per unit volume of the medium due to factors other
than radiation (ie, heat conduction, convection, chemical reaction).

There is an important reason for establishing the two equations and their
physical meaning. The radiative transfer equation shows that radiation inten-
sity / is weakened due to absorption, scattering, and radiation in the medium,
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but is enhanced due to radiation throughout the medium. If the irradiation
intensity is known, any change in / can be determined by solving the radia-
tion heat transfer equation. The emitted energy of the medium is dependent
on its temperature, however, which must be determined according to the
energy balance equation—so, naturally, the energy balance equation must
be established.

2.4.2.4 Approximate Solution for Radiation Transfer Equation

The main difficulty in solving the above two equations lies in solving the radia-
tive transfer equation. The possible solutions can be classified into three catego-
ries: the analytical method (which is only applicable to simple one-dimensional
cases), the numerical method, which is more accurate and feasible (but is not
discussed here due to space limitations), and the approximation method, which
simplifies the equation by approximating it before solving it.

See the following approximate solution for transparent media:

I=1, (2.33)

where there is no absorption or emission in the medium.

The following is an example of an emission-approximate solution (an ap-
proximate solution for optically thin media).

When optical thickness 6 is small and T is relatively large, the medium’s
absorption can be neglected, thus:

5 )
I=I+ jo L,ds =1+ jo Kl ds (2.34)

If the temperature of the medium is low, the medium’s self-radiation can be
neglected. See the following approximate solution for low-temperature media:

I=lLed =1k (2.35)

Example 2.1

Consider two infinite gray panels with temperatures Ty, T, and emissivity &, &.
Between them is an almost transparent medium. The medium temperature can be
determined using the approximate solution of radiation heat transfer.

Solution

When the medium is almost transparent, the radiation heat transfer equation
dl ) . . . .
%H:Ib becomes | = I,. Assuming that there is a differential volume in the

medium, the radiant energy projected to the differential volume is:

j;”/dg - joz”h d§z+j02”/2 dQ
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Because the medium is almost transparent, I; = ly; and I, = Iyy; Iy and fy, are
determined as follows:

E, E
Iy =51, fyy = =52

Thus, the radiosity of the two surfaces Egy, Eg, can be solved by the network method:

Epi—Egry _ Ey1—Epo
T-g 1-& 1 1-& ER1:e1Eb1+£2(1—e])Eb2
gA A A A N g +&)— &€
Ero—Epsy _ Ey1—Epy _ &abpr+&(1- &)k
1-& e 1, 1-& k2 g +E - €8
&A A A A

Because the medium has weak absorbability, its total absorbing energy equals
its total radiant energy, thus:

1 c4n
Eom =Zj0 1dQ

Then, substituting Epm = 0T into the above equations yields the medium
temperature:

T4 +T5
&1 T14 + £2T24 —&& % 1

T =

E1+E &€ 4

2.4.3 Mean Beam Length, Absorptivity, and Emissivity of Media

2.4.3.1 Average Transmissivity and Absorptivity

As shown in Fig. 2.8, Aj, Ay are isothermal diffusion surfaces between which
is an isothermal absorbing medium. The blackbody radiation intensity of the
medium 7y, and the extinction coefficient K are constant. According to the ra-
diative transfer equation, the radiation intensity projecting from surface A; to
surface A; can be expressed as follows:

Iy =1e™ + Iy (1—e755) (2.36)

The radiation heat transfer between surface A; and surface A, can then be
derived:

ij = (Aj(pjijk)Ej + (Aj¢jkajk)Ebm (2.37)
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Perpendicular
to dA,

FIGURE 2.8 Radiation heat transfer between two surfaces separated by an isothermal me-
dium.

where Ey, is the black emissive power of the medium. Eq. (2.37) demonstrates
that if there is an absorbing medium, Tig» O MUSt be calculated first to solve the
radiation heat transfer equation. 7, is the average transmissivity from A; to Ay,
defined as follows:

1 Tcos B cos B,

Tp=—— dA jdA 2.38
KA AdA R s (239

a;; is the average absorptivity from A; to A
1 ocos f3,.cos B
a Aj¢jk A Aj ﬂRZ

o LdA jdAr (2.39)

In the two equations above, @j is the configuration factor without an absorb-
ing medium, and 7, « are the medium’s own transmissivity and absorptivity,
respectively. See the following definition of 7, @ according to Egs. (2.38) and
(2.39):

ajk + Tjk = 1 (240)
Thus, if T is known, « i can be obtained.
According to the definition of 7y, it is rather difficult to calculate 7; using

the analytical method, because it requires complex double integral calculation.
The following describes how to solve 7; in two simple cases.

1. Hemisphere to differential area on bottom center

Assume there is a hemisphere filled with an absorbing medium whose ex-
tinction coefficient is K, as shown in Fig. 2.9. Average transmissivity f can be
obtained as follows:

T = e KR (2.41)
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FIGURE 2.9 Hemisphere filled with an absorbing medium.

This is an example of the simplest case of solving for average transmissiv-
ity. Eq. (2.41) will be used again when discussing mean beam length.

2. Sphere to any part of the spherical surface

Consider a sphere filled with an absorbing medium. The average transmis-
sivity from the entire sphere to any part of the spherical surface can be calcu-
lated as follows:

2

= GKR? [1- (KR +1)e kR ] (2.42)

T Jjk
where 2KR is the light diameter of the sphere.

2.4.3.2 Mean Beam Length

Furnace heat transfer is mainly a radiation process between the water wall and
the flame. First, let’s discuss the radiation heat transfer process from a medium
with uniform temperature to its boundary.

When describing average transmissivity, the second term in Eq. (2.37) rep-
resents the radiation heat from the medium to the wall. See the following:

ka = A/ (ijajkEbm (243)

where subscript m denotes the medium. Substituting A, with differential area
dAy gives us:

dAKEm.dk = AP j 4O j.dk Ebm (2.44)

For a case where the radiation process is from the upper hemisphere to the
differential area dA; on the bottom center, Eq. (2.41) can be transformed into
the following:

adja=1-1ja=1-"d (2.45)

dA
Because ¢; 4 = A—k =1, the following can be derived from Eq. (2.44):
J

Emakc =0 jakcEom = (1= ¢ ) Epm (2.46)
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The definition of emissivity is:
e=1-¢KR (2.47)
Thus:
Emdr = €Ebm (2.48)

Because the radiation ray between dA; and A; goes through the entirety of
the medium’s hemisphere, E,, 4 represents the radiation power from all the me-
dium in the hemisphere to dA;, and the emissivity of the medium depends only
on the optical thickness of the hemisphere KR.

You may find it convenient to calculate the radiation from the medium to the
wall using Eq. (2.46); however the equation is limited only to cases involving
radiation from the hemisphere to the bottom center of the medium.

Now, let’s define an equivalence relationship. Consider the radiation from
a medium with arbitrary volumetric shape to its boundary as the radiation from
the medium’s hemisphere to its bottom center — the radius of imaginary hemi-
sphere R can then be called the mean beam length (represented by s, also called
“effective radiation layer thickness”). Thus, we can use Eq. (2.46) to calculate
emissive power for actual conditions as follows:

Emk=1-e" )Epm (2.49)

Due to the definition of an equivalent radius R (ie, s,) the calculation of
emissive power from the medium (with any volumetric shape) to its boundary
can be converted to the calculation of the mean bean length s of the medium.

2.4.3.3 Calculating the Mean Beam Length

Calculating the emissivity, absorptivity, and transmissivity of media are simplified
considerably after learning to calculate the mean beam length, which is introduced
in this section. Let’s first consider a case where the optical thickness of a medium
is thin, and determine the radiation from the entire volume to the entire boundary.
When the optical thickness K is very small, the transmissivity becomes:

7=lim ¢ %=1 (2.50)
ks—0

It is known from the derivation of differential volume radiation that the radi-
ant energy emitting from the isothermal medium dV is 4KE,,dV. Because 7= 1,
that is, the medium has almost no absorption, all the emitting energy reaches
almost to the boundary. The emitting energy from the entire volume V nearly
reaching the boundary is 4KE,,,V, so the emissive power can be averaged ac-

cording to the entire boundary as follows:

Vv
En=4KEy, " (2.51)
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According to the definition of mean beam length:
Em=0-¢5)E,, (2.52)

When Ks is very small, s can be replaced by s,. Compare Eq. (2.51) with
Eq. (2.52) and expand the first-order term ¢~ X* to obtain:

55 = 4% (2.53)

Some examples of calculating sy, are as follows.

1. For a sphere with diameter D:

{ ( D )2} (2.54)
dr| —
2
2. For a cylinder with diameter D:
4 (i nD? )
s, =———==D 2.55
b D) (2.55)
3. For a medium between parallel infinite slabs separated by distance D:
s, =4D/2=2D (2.56)

Example 2.2
When high-temperature gas covers a cross tube bundle as shown in Fig. 2.10,
what is the mean beam length of the cross tube bundle?

Solution
The flue gas volume between the per-unit length of the bundle is:

The heating area corresponding to the flue gas volume between the per-unit
length of the bundle is:

A=4-%7TD+7[D=27‘L’D
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FIGURE 2.10 Mean beam length of a cross tube bundle.

2D
(N |

So the mean bean length of the cross tube bundle can be calculated as follows:

[
Sy =4—=4—"-""~—=1.546D (2.57)
A 2D

When 8 = Ks is not as thin, coefficient C can be corrected as s = Csy,. As listed
in Table 2.1, for C of approximately 0.9:

s=36% 2.58)
A

Eq. (2.58) is applicable for accurate calculation of any geometry even when an
exact geometric shape is not available.

In most cases, the effective radiation layer thickness is required to calculate the
radiation heat transfer between two surfaces filled with an absorbing medium. The
effective radiation layer thickness between surface A, and surface A; is:

1 '[ J. cosﬂjcosﬁk
Ay A7 A Tr

sy dARdA, (2.59)

Afew details are particularly relevant here. First, shape factor ¢ ; can be calcu-
lated when there is no absorbing medium, then s, ; can be obtained by solving Eq.
(2.59). Because ay; is given by o= 1-e, A@r,j,; can be obtained. Finally,
heat transfer quantity can be determined according to Eq. (2.37).

Here are two equations for special cases:

1. Two identical rectangular slabs arranged oppositely parallel to each other,
where the length of one side is b — oo :

.S
ik :i arctanl+lln
C T /

:| (2.60)

1
N1+ /2

where | = a/c, and c is the distance between the two rectangular slabs.
2. Two rectangular slabs vertically arranged with a common side, where length

b— oo
2S5 2 2
O Sk :lliiln\/(i) +1+i|n\/(gj +]] (2.61)
o T|cC c C a
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TABLE 2.1 Calculation of Mean Beam Length of Entire Volume of Medium
Characteristic c.S

Volume forms length Sp s s,
Hemisphere to bottom Radius, R R R 1
center
Sphere to surface Diameter, D 2 0.65D 0.97

-D

3
Cylinder with equal height Diameter, D 0.77D 0.71D 0.92
and diameter to bottom
center
Infinite cylinder to side Diameter, D D 0.95D 0.95
surface
Cylinder with equal height Diameter, D 2 0.60D 0.90
and diameter to surface ED
Infinite medium layer to Thickness, D 2D 1.8D 0.90
boundary
Parallelepiped with side Side length, L 2 1.8D 0.90
length of 1:1:4 EL
Cube to surface Length of short ~ 0.89L 0.6L 0.91
Medium between bundle to side, L
the tube wall
Arranged s=2D Tube 3.4(s-D) 0.81L 0.88
in an diameter,D
eqwlateral s=3D Tube spacing, s 4.45(s-D) 3.0(s-D) 0.85
triangle
Arranged in a square s = 2D 4.1(s-D) 3.5(s-D) 0.85

2.4.4 Gas Absorptivity and Emissivity [11,12,14,26,29-31]

The components of flue gas that have radiation capacity are mainly CO, and
H,O (gas), which both show obvious selectivity during radiation and absorp-
tion processes—in other words, they only emit and absorb radiant energy with-
in certain light bands. The main absorbing bands of CO, and H,O (gas) are
listed in Table 2.2.

1. Calculation of @, and oty,o with a nomograph

A nomograph is a powerful calculation tool that can be applied in the case of
computational backwardness (or lack of computers/calculators), which lends valu-
able convenience to engineering and technical personnel as they conduct scientific,
reliable design based on a large number of experimental and engineering research



66 Theory and Calculation of Heat Transfer in Furnaces

TABLE 2.2 Main Absorbing Bands of CO, and H,O (Gas)

Gas CO, H,O

Band range/pm A~ AL A~ A" AL
Band no.

1 2.65~2.8 0.15 23~34 1.1
2 4.15~4.46 0.30 4.4~8.5 4.1
3 13~17 4.0 12~30 18

results. The typical nomographs of CO, and H,O are shown in Figs. 2.11 and 2.12,
respectively. The curves in Figs. 2.11a and 2.12a, which were drawn according to
the reference pressure of p, = 9.81x10*Pa, show the correction coefficients K
corresponding to the total pressure p and partial pressure, respectively.

Modern engineers rarely use nomographs, because their function has gradu-
ally been replaced by empirical equations and engineering computational pack-
ages. Especially because computers are available for calculation of heat transfer
in a furnace (including thermodynamic calculation), nomographs are generally
not necessary. It is important to note, however, that the nomograph is still a
quite accurate method of calculating absorptivity. The gas emissivity equations
described below only apply to blackbodies, that is, only when a gas is assumed
to be a graybody can the nomograph be used to calculate its absorptivity.

2. The effect of temperature on absorptivity

When the gas temperature equals the temperature of the blackbody (or gray-
body) radiation source, the gas absorptivity is also equal to its emissivity. If the
temperature of the radiation source changes, and fails to match the gas tempera-
ture again, then the gas absorptivity also changes and fails to equal the emissiv-
ity. Fig. 2.13 shows the relation among CO, absorptivity Qco,, air temperature
T,, and the wall temperature of blackbody radiation source 7. Fig. 2.14 shows
the relation among steam absorptivity @y,0, air temperature T, and the wall
temperature of blackbody radiation source T,

The following can be concluded based on Figs. 2.13 and 2.14: when ps is
small, gas absorptivity decreases as gas temperature 7, increases. (This phe-
nomenon grows more pronounced as the wall temperature of radiation source
T, increases.) When ps is large, conversely, gas absorptivity increases alongside
T,, and becomes more significant as T, decreases.

For further analysis, please refer to the related monograph.

3. Absorptivity when there are two absorbing gases

Generally, the absorptivity of a medium containing two absorbing gases
whose light bands overlap with each other is smaller than the sum of the
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FIGURE 2.11 Typical nomograph of CO,.
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FIGURE 2.12 Typical nomograph of H,O.
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FIGURE 2.13  Relation of CO, absorptivity &¢co,, air temperature T, and wall temperature
of blackbody radiation source 7.

0.60

0.40

0.20

Oy,0

0.10
0.08
0.06

0.04

0.02

0

T.=370C
—76.198m-kPa W
DS 715
76.198
76.198 1115
Pi0s=5.394m-kPa T,=370C
5.394 71
\5
5.394 "
$=0.883m-kPa
g‘;% T,=370°C
0.883 715
173
1 1 1 1 1 1 1 1
200 400 600 800

T,/ C

FIGURE 2.14 Relation of steam absorptivity oy,0, air temperature T, and wall tempera-
ture of blackbody radiation source T,



70 Theory and Calculation of Heat Transfer in Furnaces

130C ‘C C
0.07 30 0.07 350 0.07 ‘95 0 |
0.06 0.06 0.06 £ 5-15m
0.05 0.05 0.05 ’8‘2%'\\
0.04 o / \ 0.04 0.04 //'0'45.\ \
i S . N . 0.305
3 o~ 3 o &30 3 / . \
< N < o — < /10.235
0.03} \/y S 0.03 7 0.03 N
T
" SN 178\
0.02 /Q{A@/-\ 0024 0.305 k 0.02 0132
S ", \\
0.1 %3\52\ 0.1 7 ‘ 0.1 / o
- 92 A

! 0.061 0.061
0 02 04 06 08 10 0 02 04 06 08 1.0 0 02 04 06 08 1.0

Puo/P Puyolp Puo/P

FIGURE 2.15 Correction coefficients for absorptivity of mixtures of CO, and H,O.

respective absorptivity of the two gases. This phenomenon can be explained by
applying quantum mechanics and statistical physics theory.
For a mixture of CO, and H,O, the absorptivity is:

o= aco2 + OtHzo —-Aa (262)

where Aa is a correction coefficient (Fig. 2.15). Because Aa is generally fairly
small, it can be neglected.

Gas emissivity was once calculated primarily in the form of charts, but is
now typically calculated by coding related equations into a computer, which
can conveniently run several repeated calculations. The following section intro-
duces the equations for calculating the emissivity of a triatomic gas.

According to the former Soviet Union’s proposed 1973 standard for boiler
thermal calculation, the emissivity of a triatomic gas can be calculated ac-
cording to Bouguer’s law. The gas emissivity equation, which was defined
according to analysis of a large amount of industrial data, can be expressed
as follows:

e=1- e‘Kgs =1- e_kgrnps (2.63)

in which the gas extinction coefficientis given by K, = k.7, ps, 1, = P , where
p

P, is the partial pressure of triatomic gas (Pa), r, is the volume fraction of tri-
atomic gas, p is the total gas pressure (Pa), and s is the effective radiation layer
thickness. Coefficient k, is given by:

0.78 +1.6r
k,=| ———2°%_0.1 (1—0.37ij10—5 (2.64)
Py 1000

Py

N
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Pu,0
where "H,0 = TZ is the volume fraction of H,O, PH,0 is the partial pres-

sure of HyO (Pa), py=9.81x10*Pa is reference pressure, and 7 is gas
temperature (K). The scope of Eq. (2.64) is limited to: @:0.2~2;

Pus=(1.2~200)x10°m Pa; 7 =700 ~ 1800 K. Pi0

It is important to note that it is only possible to calculate emissivity rather
than absorptivity from the above two equations, so a nomograph is still needed
to calculate absorptivity. Hottel proposed another calculation method which
assumed that gas emissivity consists of several parts with differing extinction
coefficients; his method has been used successfully for numerical calculation,
as well.

2.4.5 Flue Gas and Flame Emissivity

2.4.5.1 Emissivity of Flue Gas Containing Ash

When a heat ray projects onto a particle, some of the energy is absorbed and
converted into heat energy and the rest is scattered (due to the effects of refrac-
tion, reflection, diffraction, and so on). A flue gas containing fly ash particles
is not a graybody, and its monochromatic extinction coefficient is related to its
particle size.

Ash gas emissivity (considering triatomic gases) is expressed as follows:

e=1-¢ KB =1— ¢ KFKn)s (2.65)

where is the extinction coefficient, K, is the extinction coefficient of triatomic
gas, and K, is the extinction coefficient of fly ash [which can be calculated as
Ky, = kel p, where p is the gas total pressure (Pa)].

Fly ash concentration uy, and flue gas density G, are:

Uy, = afa[A]ar
100G,
[A] . .
G, =1-—%+1.3060V; (note that G, is the flue gas mass excluding the

fly ash)
where [A]ar is the fuel ash content on an as-received basis, ay, is the fly ash
fraction dependent on combustion type (such as grate, PC, or CFB), « is the
excess air coefficient, and Va0 is the theoretical air volume.

k¢, can be calculated as follows:

Ky = ——E %1075 (2.66)
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where p, =G, /V, (generally p, =1.3 kg/m? at normal state), d,, is the mean
diameter of a fly ash particle (wm) (See Table D.13), and 7 is the flue gas
temperature. The related calculation process and explanation can be found in a
previous study [17].

2.4.5.2 Luminous Flame Emissivity

When combusting liquid or gas fuel, the flame radiation comes mainly from carbon
black, which can continuously emit radiant energy in the range of the visible spec-
trum and infrared spectrum. When combusting solid fuel, the flame is all luminous.

According to the same 1973 standard referenced above, extinction coeffi-
cient K. can be calculated as follows:

Kc=kep (2.67)
and k. is given by:

[C], 1

ke=0.032 - 0p)(1.6 X 10T —0.5)[—— (2.68)

H]ar Po

where % is the carbon-hydrogen ratio of the fuel as-received, and af is the
excess air ca(r)efﬁcient of the furnace. If o >2, then K, = 0. Ty is the flue gas
temperature at the outlet of the furnace (K), p is the flue gas temperature in the
furnace, and py = 9.81x10* Pa is the reference pressure.

The extinction coefficient of a luminous flame is the sum of those of tri-
atomic gas and carbon black:

Kit= Kot Ko = (kgrnt kP (2.69)

In the same 1973 standard, the flame emissivity of a furnace combusting lig-
uid or gas fuel can be calculated as follows (assuming that the furnace is filled
with luminous flame and nonluminous triatomic gas):

E=m&y + (1- m)eg (2.70)
in which luminous flame emissivity is given by &; =1—e X =1— o (Karthe)ps
and nonluminous flame emissivity is given by & =1—e¢ ¥’ = 1—e (ke *,

where m is a parameter related to furnace volumetric heat load ¢,, the value of
which can be determined in a few different ways.

1. When g, <400x10° W/m?®, m has nothing to do with the load — m = 0.1
and m = 0.55 for a gas furnace and oil furnace, respectively.

2. When g, 21.16x 10° W/m?, m = 0.6 and m = 1.0 for a gas furnace and oil
furnace, respectively.

3. When 400x10* W/m? <g, <1.16x10° W/m?, m can be calculated by
interpolation according to the load.
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2.4.5.3 Coal Flame Emissivity

In a pulverized coal flame, triatomic gases, ash particles, coke, and carbon black
particles all have radiation capacity. Research has shown that triatomic gases,
ash particles, and coke play major roles in flame radiation.

According to the 1973 Soviet Union standard, the extinction coefficient of
coke K can be calculated as follows:

Koo =keoxixop (2.71)

where k¢ is generally 107>, x; = 1 for anthracite and lean coal fuels, and x; =
0.5 for bitumite and lignite fuels. x, = 0.1 for pulverized coal furnace combus-
tion and x, = 0.03 for grate furnace combustion. The extinction coefficient of
the coal flame is then:

K=Ko+Kn+Keo=(kera+knlly+x5, X107 ) p 2.72)

Coal flame emissivity is:

e=l-¢ K (2.73)

Example 2.3
Find the pulverized coal flame emissivity in a bituminous coal fired system under
the following given conditions:

Theoretical air volume V° (normal state) = 4.81 m?/kg, excess air coefficient
o=125.

Theoretical (when & = 1) flue gas volume Vg0 (normal state) = Vio, +V£Z +V£20
=5.218 m/kg.

Triatomic gas volume Vgq, (normal state) = 0.882 m3/kg.

Theoretical H,O volume W ; (normal state) = 0.529 m?/kg.

Theoretical N, volume VQ (normal state) = 3.807 m/kg.

Coal ash as-received [A] =32.48[%].

Fly ratio ag, = 0.9 ; Flame temperature Ty = 1473 K.

Effective radiation layer thickness s =5 m.

Flue gas pressure p =10°Pa.

Ring-roll or ball-race mills with medium speed are used for coal grinding.

Solution
Wy,0(normalstate) = )  +0.0161(er = 1)V = 0.529+ 0.0161x 0.25x 4.81

=0.548(m3/kg)
Flue gas volume V, (normal state):

=V, =Vg +(@=1V°+0.0161 - 1V°
=5.218+0.25x4.81+0.0161x 0.25x 4.81= 6.44(m" /kg)
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_VRo, _ 0.882
Ro, =

——==0.137
V,  6.44

=0.222
Mo _ 0548 _ ) o
MO=Ty T T eas T
. 6.
L= 1= 2 41 306010
100
_ 3248

+1.306x1.25x 4.81=28.53 (kg/ (kg fuel))
[AL, om  32.48%0.9
Hia = =

=0.0343 (kg/(kg gas
100G,  100x8.53 (kg ke gas)
0.78+1.6
ke =| 2O g4 (1—0.37i)x10’5
Pn 1000
Po

where Pn_Pn_ r, =0.222, thus:
Po P

K, :(O.78+1.6><0.085_0'1J(1_0‘371473)X1075
J0.222x5 1000
=0.357 x107°(m/Pa)
Kq = kgrop = 0.357 X107 x0.222x10° = 0.079(m™")
4300% p,

-5
ﬂ X107 s,

As listed in Table D.13, for a mill with medium speed, d,=16(um),
4300x1.3
thus: Kj, = ————— >

Kfa = kfa:up =

—> %1075 x0.0343x10° = 0.233(m™)
(1473x16)3

Because this

0.1.

X2 =

is a pulverized bituminous coal boiler, x 0.5,
Therefore, the extinction coefficient

of the coal flame
is: K=Kg+Kp +xxpx107° = 0.079+0.233+0.5x0.1x10° x 1075 = 0.362(m™")
and coal flame emissivity is:

gy =1-€K =1-703625 = 0.836
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This chapter will first describe the radiation heat transfer between solid surfaces
without considering the effect of the medium among them, that is, the medium
is transparent. Transparent objects or media are those of which the transmissiv-
ity 7= 1. Then consideration will be given to the radiation heat transfer between
the medium and the surfaces.

When the medium is transparent, the radiative heat transfer among solid
surfaces is influenced by the following three factors: (1) the temperature of each
surface; (2) the emissivity and absorptivity of each surface; (3) the areas, shapes,
and relative position of the surfaces, which is called the configuration factor un-
der simplified conditions used for engineering calculations. Commonly, these
three factors are interrelated and interact with each other, so it becomes overly
complicated for engineering calculations and needs to be simplified appropri-
ately. Chapter: Theoretical Foundation and Basic Properties of Thermal Radia-
tion has introduced the simplified conditions for engineering calculations, and
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%&Az, T,
%A,, .

FIGURE 3.1 Closed system composed of two surfaces.

assumes that all discussions in this book, except where specifically explained,
satisfy the simplified conditions.

3.1 RADIATIVE HEAT EXCHANGE BETWEEN SURFACES
IN TRANSPARENT MEDIA [12,14]

According to heat transfer theory, the energy conservation principle is the basis for
the calculation of all energy exchange and transfer. When there is only a single ther-
mal energy form, it becomes the heat balance principle. There are different meth-
ods for establishing radiation heat transfer balance equations, such as the network
method, the net heat flux method, the Monte Carlo simulation method, and so on.

3.1.1 Radiative Heat Transfer of a Closed System Composed
of Two Surfaces

A closed system composed of two surfaces represents simplified conditions for
engineering calculations—the surface is isothermal, diffuse gray, and the radia-
tion properties and radiosity of the surface are uniform. In this section, we’ll
find the radiation heat transfer between the two surfaces shown in Fig. 3.1.

The problem can be solved with either the network method or the net heat
flux method. Let’s take a look at the network method first.

1. Network method

Fundamental heat transfer theory asserts that there are two radiation heat trans-
fer resistances for a graybody surface: surface heat resistance and space heat
resistance, as shown in Fig. 3.2.

. 1—
The surface heat resistance of the graybody can be calculated as —8, thus,
EA
. 1-¢g 1-¢&
the surface heat resistances for surface 1 and surface 2 are ——— and s
€14, &4,

1
or

respectively. The space heat resistance is .
A191p Ay

1-¢, 1 ( 1 ) l1-¢,

4, APe\hen) g4,
o— F—o—_ "}+—o—1 "1+
Epy Eg Ega Epz

FIGURE 3.2 Radiation heat transfer resistance.
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Similar to the series circuit principle, the radiation heat transfer between
surface 1 and surface 2 can be directly written as follows:

_ Epi — Ep
1—£1+ 1 +1—82 3.1
A A  &A

O

where Ebl :GTi4,Eb2 :GT24.

2. Net heat flux method
The following is obtained by establishing the heat exchange relation between
surface 1 and surface 2 using radiosity concepts:

O =0r12 — Or21 (3.2)

where Qg , is the radiosity heat from surface 1 to surface 2, and Qg,; is the
radiosity heat from surface 2 to surface 1.

According to the relation between radiosity heat Or and emissive power Eg,
the following two equations are obtained:

Orip = j ERi9q, 2 dA (3.3)
A

Oro, = f ERo@q,.1dA; (3.4)
Ay

. 1
Because the emissive power Ey can be expressed as Ex = Ey, + (— - l)q for
a graybody: €

1

Eg| = Ep,; +(——1)611 (3.5)
&
1

Egy = Eyy +(——1)6]2 (3.6)
&

Consider the following under simplified condition #4 (see chapter: Theoreti-
cal Foundation and Basic Properties of Thermal Radiation):

G4, 2 = P12
Pa,,1 = P21

and substitute Egs. (3.3)—(3.6) into Eq. (3.2) to obtain:

1 1
Oir= |:Eb1 + (—— 1)‘11}‘1’12141 _|:Eb2 +(—— 1]612}4’21142 (3.7
€] &y
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12 I 2
RoRc.NeoXe

z i z 4
(a) (b) (c) (d) (e)

FIGURE 3.3 Surfaces with uniform radiation. (a) Infinite-length parallel plane, (b) concentric
sphere or cylinder, (c) hemisphere to base plane or infinite-length semicircular cylinder to strip,
(d) two separate surfaces locating at the same sphere or infinite-length cylinder, (e) two inner
surfaces of spherical crowns.

; ; ; P 1
L P
(c)

1 1
(a) (b)
FIGURE 3.4 Surfaces with nonuniform radiation. (a) Three surfaces of a rectangle and fourth

surface, (b) a cone in a rectangle cavity, (c) eccentric sphere or cylinder, (d) rectangle in a cylinder,
(e) one side of triangle and other sides.

Because the closed system is composed of two surfaces, —Q; , = 0, , that s,
—-q14| = ¢2 Ay. Eq. (3.7) then becomes:

Ey 1901241 — B 214,
Q1,2 = 1 1
T ot
& &

Clearly, the calculation results from the above two methods are consistent.
Now the heat exchange amount Q ,(Q, ;) and the temperature of surface 1 are
known, thus the temperature of surface 2 can be calculated.

Chapter: Theoretical Foundation and Basic Properties of Thermal Radiation
contains a discussion on simplified condition #4 for engineering calculation,
which assumes that the effective surface radiation (incident radiation) is uni-
form, that is, @q,2 = @12, Q4,1 = @21. In practice, only a few cases satisfy these
conditions (Fig. 3.3); the majority do not (Fig. 3.4).

So can the above equations be used for radiation heat transfer calculation in
situations that fail to satisfy simplified condition #4?

(3.8)

Example 3.1

Find the radiation heat transfer from the inner surface of a whole sphere to the
surface of the hemisphere (including the circle plane), as shown in Fig. 3.5. Con-
sider two different calculation methods: one that strictly satisfies the simplified
condition (that is, considers the system as two parts), and another that considers
the system as a whole, and compare the calculation differences between them.
Assume that &, =¢, = €.
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FIGURE 3.5 Radiation heat transfer from inner surface of a sphere to the surface of the
hemisphere.

Solution
Pd,2 # P12
The original system 1-2 is replaced by two parts labeled 1’-2" and 1”-2”
(Fig. 3.5). According to the energy conservation principle:
Qi =01+ Q1)
in which Qf, and Q) can be calculated as follows:
: o(ri -T4)
Q‘2‘1—e1 1 1 T-g, 1
4 + 4 ’ + 4
& Al PDA & A

o(r*-T14)

1- &1 1 1 1- &) 1
” + 7 + ’

& A OHA & A

Qn =

1
where Al = A= A7 = E(47L’R2) (neglecting the dR term), and A} = mR%. Because
PLA = 0A, 9o =1, 50 PLAT= Ay Similarly, ¢f; =3 =1 means @\AT= A7,
so Qf, and Qfy become:
Qfr = =2 onR? (T - T4)
31

After defining F = onR? (T14 - Tj‘):

2¢e 2¢e 2e(5-2¢)
= —+—— |F=—~F
Q2 (3—8 2—8) e2-5¢+6

Now consider the system as a whole:

2 =
1- 1 1-
&, &

A oA A
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Because A = A+ Al = 4nR?, A, = A5+ AY = 31R?, 91, A = Ay

12¢
0 — F
RE 7-3¢

The calculation error is:

5= Qi,-Qp :1_Q_102
Qn Qp
_ 2e(e—-1)
" 2e(6e? - 29¢ +35)
_ e-1
T 6e2-29¢+35

By considering the maximum value of 8 when ¢ € (0,1), the stationary point
can be calculated as follows:

dé _ —6(e2-2e-1)

de (682 —29¢+35)

dé . . .
Let T =0, then £=1£+2, then there is no stationary point when € € (0,1).
S

Obviously, when =1, then § =0, lim,_,, 6 = % =2.857% .

All calculation errors 8 for different € can then be listed as follows:

£=0.01,6 =-2.852%
£=0.1,6 =-2.80%
£=0.58=-2.27%
£=0.9,6 =-0.73%
£=0.99,8 =—0.08%

Thus, Omax < 3%.
The calculation error is small (below 3%) when using the simplified method

to solve the above problem; therefore, simplified condition #4 is often neglected
during engineering calculations.

3.1.2 Radiation Transfer of a Closed System Composed
of Multiple Surfaces

In this section, we’ll consider a system with several surfaces labeled 1, 2, ...,
n, as shown in Fig. 3.6 and determine the amount of radiation heat transfer be-
tween the surfaces using the network method.

For any intermediate node i, the balance equation is:

&4
:(Ebi—ERi)+ZAi<Pij(ERj—ERi)=0 (3.9)

J2i
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FIGURE 3.6 The network method for calculating radiation heat transfer between several
surfaces.

Because z i Qi + @i =1, zj¢i(p,-j =1—-¢;. By substituting this into
Eq. (3.9):

1
(1-&)Y. ¢jEr ; + & Ey;i (3.10)

ERi =T <
1_(Pii(1_€i) i

Surface i is isothermal, so ¢g; = 0. Assume that ¢; >0 when losing heat, then:

1
qg; = Er; — Ey; = Eg; _ZXERjqu)ji
j i
1
=Eg; _ZZERjA[goij
j i

= Eri— 2 Er j0;
J
=0

Thus Ey; becomes:

ERi —(ZER,j(Pij +(piiERi]:0

i
and:

1
Eri =17~ 2. ER i (3.11)
— Qi j#i
Infact, Eq. (3.11) can be directly derived from Eq. (3.10) when p; =1,¢; =0,
81' = 0
When g; is known and E}; is unknown, assume that ¢; > 0 when losing heat.
Due to the following:

1-¢;
Ep;=Eyi——

4qi

i
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ia) (b} (8]
FIGURE 3.7 Common hole walls. (a) Brick setting hole wall. (b) Water cooling hole wall.
(c) Metal hole wall.
then:

1—¢
Ey; =Eg; + L

qi

i

Substituting the above equation into Eq. (3.10) yields:

1

Eyj=——
1- i j#i

3.1.3 Hole Radiative Heat Transfer

Next, let’s analyze an example of calculating the heat transfer from a door, a hole,
or a gap to the outer environment according to the results presented above—
being able to do so successfully is very important in real-world engineering.
There are three types of hole walls commonly used, as shown in Fig. 3.7.
The hole conditions can be classified into two categories according to their
thermal conductivity: A,, =0 and A,, = . First, we’ll assume that the surface
is isothermal, (thus, A, = 0).

Example 3.2

The temperature of a circular hole is 1000°C, and the emissivity is 0.6. The envi-
ronment is a large room with a temperature of 20°C, which can be considered a
blackbody. Let’s calculate the radiation heat transfer from the circular hole. The
simplified solution to this question is to regard the radiosity of the entire inner
heating surface as uniform, and work through the problem integrally.

The radiosity on the surface is variable. The inner surface can be divided into
four parts (hole bottom 1, and side surfaces 2, 3, and 4) for analysis (Fig. 3.8). Let's
assume an imaginary black surface 5 covers the hole, and solve the radiosity of
every part before calculating the final amount of heat transfer—as such, this is a
precise, stepwise solution.

The following works through the problem first stepwise, then in an integral
manner for the sake of illustration.

1. Stepwise solution
For precalculation preparation, first consider the emissive power of each part of
the surface:

Eyy=Eyy=Fy3=Ey =0T
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Environment

FIGURE 3.8 Radiation heat transfer from a circular hole to the outer environment.

=(5.67x107%)x (1000 + 273)* = 1.4887 x 10°[W/ m?]

s =0T4 =(5.67x107%)x (20+273)* = 417.8]W/m?]
and its emissivity:

g =6 =6=¢=06
85:1.0

its area:

A= As = Ag = A, = mlcm?]
Az = A3 = A4 = 2ﬂ[cm2]

and the configuration factors, which can be calculated based on the example cir-
cular plate surface shown in Fig. 1.25. For the configuration factors between two
parallel circular planes with the same radius, utilize Eq. (1.93):

_ 1+ 2R? =1+ 4R?

P ’
2R?

R=r/h
where r is the radius of the circular plane, and h is the distance between the two
planes.

All the configuration factors can be calculated as follows:

q)ﬂ =q)55 =0

@5 =0.37,®;, =0.175,d =0.1

@, =05 =0.63 = D,

(I)13 :(I)16 —(I)]7 =0.195= q)53

@, =@, - D5 =0.075= D,

(I)21 = (1)26 = @12/41//42 = (1)12/2 =0.315= (I)45 = (I)36 = @37
@y =1-Dy — D26 =1-0.315-0.315= 037 = By, = Oy
(1)31 = (1)13 A1/A3 = (1)13/2 =0.0975= (1)27 = (1)46

@32 = CD36(I)_31 = 021 75 = @34 = (I)43 = @23

(1)41 = (D]4/41/A4 = q)]4/2 =0.0375= @25

Dy = Dye— Dy =0.06=Dyy

Next, calculate the emissive power of each part of the surface using Eq. (3.12):
Ery = (1= &)(@12Er o + Prafra + PisEps) + Eifpy

1

= —————[(1-&)(Dyi£) + Py3br3 + Pogbrs + Dosbyys + €261
1-®y(1-¢y)

Er>
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1
C1-Dy(1-g)
1

Ery = ——————[(1-4)( @by + Ppobry + Pu3brs + Pysbiy5 + E4Ep 4)]
T-Dyu(1-¢4)

g3 [(1— &3)(D31ERy + Dok + D3sbg 4 + P35y s + €3F,3)]

Substitute all the values to obtain:
Fgy = 0.252Fz, +0.078Eg3 +0.03Fz 4 +89341
Era = 0.1479Fp; + 0.1021Eg 3 + 0.2817Ex 4 +104 848
Ers = 0.04577Eq; +0.1021Fg» + 0.1021Eq 4 + 104 848
Fra = 0.01761Ez; +0.02817Eg, +0.1021Eg 5 + 104 848

Then the equation set can be solved by the Gauss Iteration Method:

Egy = 1.4003 x 105[W/m?]
Er» =1.4326x105W/m?]
Frs =1.3872x10°[W/m?]

Era =1.2557 x 105[W/m?]

Finally, calculate the total amount of radiation heat transfer. The outward radia-
tion heat transfer values of each part are:

Eoi—Eri _ &4

= = Eoi — Exs
Q1 (1—8,')/6,'Ai 1—6,‘( bi RI)
A . 10
Q= B (g ey = OO0 487 21.4003)x 105 = 4.16581W]
s 1-0.6
A 0.6x 27 %107
Qy = B2 (£ ) o) = 22D (1 4887 ~1.4326)x 10° = 5.2873(W]
1—82 1-0.6
_4
Q= 89 (5, _ oy = 2OX2PXM0T  4esr 1 3872)x10° = 9.566TW]
T—e, 1-06
A 6x21x10™
Q= f“ 4 ([ — Fy) = 202107 6X1 ’:)XE’ O (1.4887-1.2557)x10% = 21.959[W]
— &4 —=Uu.

and the total amount of outward, radiation heat transfer of the circular hole is:

2Q=0Q+Q,+ Q3 +Q, = 40.979[W]

2. Integral solution
Assuming the radiosity is uniform, consider the inner surface in its entirety:

Al = m+3x 2 = 7n[cm?], A; = nlcm?]
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@5] =1 .0,8] = 0.6,85 =1.0

Epi—Eps As(Ep1 = Eps)

Q= =
=g 1, 1-5 (1_1)¢+1 (3.13)

A A &As & A &

_ wx1074(1.4887x107° - 417.8)

=42.581W]

. . . . 42.581-40.979
Comparingtheabovetwosolutions, therelativeerroris A= —————— =

3.9% 40.979
Therefore, the integral solution can be utilized to simplify the calculation in
practice.

If the circular hole surface 5 is small enough compared to hole depth, surface
5 can be considered a blackbody surface and the outward radiation of the circular
hole can be replaced by the outward radiation of surface 5 at the same tempera-
ture. In this case, because the size of surface 5 is not small compared to hole
depth, this solution is not appropriate.

Q= AsoTi# = x107# x5.67 x 1078 x1273* = 46.78[W]|
Compared to the stepwise calculation result for the same scenario, the error is:

_ 46.78-40.98
40.98

=14.15%

Now, let’'s consider a case where A,, = co. For a water cooling hole wall,
Ty >T, = T3. Because the hole wall approximates a blackbody (due to ash deposi-
tion), and flame surface A; and outer surface A; both can be considered blackbod-
ies, we have the following:

Qi3 = Epipi3Ay
3.14
{ Qrz = Epi(1-13)A ( )

where £, = Ti*. The configuration of a circular hole is:

d? d?
2 [1 + h 1+ hzj
P13 = 42
h?
where d and h are the diameter and length of the circular hole, respectively.
Let’s consider a metal hole wall, now — hole wall 2 is an insulating surface with
uniform temperature, thus we obtain the following by applying the network method:

Ey1—Eps3
1—81+R1—£3 (315)
&1 £1A3

Q=
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where R is the thermal resistance between node 1 and node 3.
The detailed calculation process is not listed here. If we consider the system to
be three blackbodies, the calculation is simpler.

3.1.4 Radiative Heat Transfer of Hot Surface, Water Wall,
and Furnace Wall

To conclude this section, let’s briefly discuss the radiation heat transfer between
a flame, water wall, and furnace wall — this is a common concern in real-world
engineering. Assume that the water wall is smooth and comprised of a number
of discrete tubes.

First, we’ll determine the configuration factor of the water wall as shown in
Fig. 3.9.

First, define the configuration factor from the flame to the water wall ¢

2 2
(pg[=1+§arctan\/(§) —1—\/1—(9 (3.16)

Then, find the configuration factor from the water wall to the flame ¢

s 1| s sV sV
(Plg:E(Pgt:; E—i—arctan\/(;) _I_J(Ej -1 (3.17)

followed by the configuration factor between the water wall tubes ¢ —because
Oy = Prw and @y + 20, =1, ¢, can be calculated as follows:

2 s\ ) . d
(P11=1_2(Ptg=; - —1—E+arcs1n; (3.18)

d

Next, we’ll determine the configuration factor from the flame to the furnace

wall @gy:
dY d s\
Qg =1— @ = 1—(;) —;arctan (Ej -1

Pwg = Pgw (3.19)

S
)

P

FIGURE 3.9 Configuration factor from the flame to the water wall.
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Notably, the above discussion takes place under the premise that the tem-
peratures of the flame, water wall tube, and furnace wall are uniform. Of course,
this is not always true in practice, where it should be calculated according to the
actual conditions. For the membrane water walls in large and medium-sized
boilers, for example, the above relation becomes simpler because there is no
direct radiation heat transfer between the flame and furnace wall. Water wall
tubes are still commonly used in small-sized industrial boilers, for which the
configuration factor from the flame to the furnace wall have to be involved.

Next, let’s look at effective configuration factor x. In a furnace, it is generally
assumed that the flame is the hot surface, the water wall is the heating surface,
and the furnace wall is the insulating surface. Assume that the emissivity of the
flame & and water wall & are 1, and the temperature of each surface is uniform.
Based on configuration factor properties, the heat balance relation, and the
fourth-power law, the heat absorbed by the water wall can be derived as follows:

0 =0 (T — T ) APy (1 + 0yy) (3.20)
For calculation in practice, Eq. (3.20) can be rewritten as:
0=c(1}-1*)H (3.21)
in which:
H = Ax

X= (Pgt(l + (Pgw) = (pgt'Hpg[(pgw (3.21a)

= (pgt+(pw[(pgw
=Pt P (1-9y) (3.21b)

where H is the area of the effective heating surface, A is the area of the furnace
wall arranged with water walls, and x is the effective configuration factor of the
water wall.

It is worth noting that x differs from the configuration factor defined by
heat transfer—x is a compound quantity including two parts: the configuration
factor from the flame to the tube directly, and the configuration factor from the
reflected flame from the furnace wall to the tube. By definition, x only considers
the effect of furnace wall reflections and not the effects of tube emissivity.

Let’s look now at reducing the emissivity of the furnace surface. While cal-
culating the heat transfer in a furnace, the water wall and the furnace wall are
sometimes considered a whole, called a “furnace surface” (Fig. 3.10).

A furnace surface is generally considered to be a graybody. The ratio
between the absorbed radiation ¢, and irradiation g; of the furnace surface can
be defined as the effective absorptivity of the furnace surface ay,, that is, the
effective emissivity &

Erw = Gor (3.22)
q1
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Furnace
wall

R
Water wall —@7

Flame "

P
FIGURE 3.10 Furnace surface radiation.
where the absorbed radiation heat ¢, consists of five parts:

1. The heat absorbed by the water wall:

41 = Q1Pgi €, (3.23)

2. The heat absorbed by the furnace wall:

g2 = qi(1— Qg ey, (3.24)

3. The heat reflected from the furnace wall and absorbed by the water wall:
93 = qi(1 = P )(1 = €3 )Py & (3.25)

4. The heat reflected from the adjacent water wall tubes and absorbed by the
water wall tube:

G4 = qiQg (1 — EDPy & (3.26)

5. The heat reflected from the water wall and then again absorbed by the water wall:

qs = q1¢gt (1 —& )¢tw8w (327)
Thus, ¢, is:

5
Qo=Q+@+q3+q1+q5= 2,4,
i=1
Then &, can be calculated using Eq. (3.22).
In short, the use of appropriate engineering approaches and necessary sim-
plified methods allows us to derive simple algorithms that are applicable for
engineering calculations in practice.

3.2 RADIATIVE HEAT EXCHANGE BETWEEN AN ISOTHERMAL
MEDIUM AND A SURFACE

Chapter: Emission and Absorption of Thermal Radiation contains a discussion
on the radiation characteristics of absorption-scattering media; the following
section further describes the characteristics of radiation heat transfer between
the medium and the furnace wall.
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3.2.1 Heat Transfer Between a Medium and a Heating Surface

The main purpose of studying the heat transfer in a furnace is to determine the
radiation heat transfer between the high-temperature medium (flue gas) gener-
ated from combustion, and the surfaces (eg, heating surface, furnace surface).
It is typically assumed that the temperature, emissivity, and absorptivity of the
medium and the surfaces are uniform. In real-world conditions in which the pa-
rameters are nonuniform, partition refinement can be applied to the system until
the parameters of each part can be considered uniform. The following discus-
sion complies with these assumptions.

The heat transfer between the medium and heating surface can be calcu-
lated as follows. The emissive power of the heating surface and the medium are
£0T A and £,0T; A,. The emissive power of the medium (ie, the radiation
projected onto the heating surface) is the sum of the medium’s own radiation and
the transmissive radiation of the heating wall, EgO'Tg4Ar +Ori(1-0ty), so the

reflected radiation of the heating surface is (1—¢,) I:SgO'Tg4Ar +Or(1—0 ):|.
Thus, the radiosity equation for the heating surface is:
O, =0T A + (1- )| £,0T A, + Or (1 ty) | (3.28)
Solving the above equation gives us:

Or. = el +e,(1- )T,
K — (- -ay)

A, (3.29)

Considering the heat, the medium’s loss equals the amount of radiation heat
transfer, then:

Q = Qg - agQRt

- 4
=£,0T,; A, — 0, O,

€ €
v Pt (3.30)
o, o,
=4 —— OCA
1
—+—-1
o o

Let’s take a closer look at Eq. (3.30). If the heating surface is a graybody,
then &, = a, thus the equation can be simplified as follows:
ot

— 4 4
Q— O+ Ol — OO (gng _atn )O-Ar (331)
g t gt

and because o, + o (1-0,) <1, + o (1— ) > @, then:

O
I>——>q,
0L + 0 — 0,0



90 Theory and Calculation of Heat Transfer in Furnaces

The absorptivity of the cooling water tube «; is approximately 0.8. Let

! ~ 1+a = 1+ , thus Eq. (3.31) becomes:
O, + 0 — 0,0 2

4
1+ ¢ 4 o, T
= e Ty | 1——=| — | |0A; .
0 5 Eele e | T, (3.32)

Eq. (3.32) is commonly used to calculate the radiation heat transfer of boiler
back-end surfaces.

If the heating surface and the medium are both graybodies, then & =a,,
€, = 0y, 50 Eq. (3.30) can be simplified as follows:

Q=050 (T4 T )A, (3.33)

1 . L .
where of = T 1 s the furnace emissivity, namely, the system emis-

ivity. —t+—-1
sivity. o o
3.2.2 Heat Transfer Between a Medium and a Furnace

A furnace consists of a heating surface and a furnace wall. Two different cases
are investigated here: one in which the heating surface and furnace wall are
separate, and another in which the heating surface and furnace wall can be con-
sidered one unit (such as a furnace surface consisting of a bare tube wall and a
furnace wall).

To determine the heat transfer between the medium, furnace wall, and

A
L and let w=—1,

r+ W W

heating surface, define cooling factor X as X =

X
thus @ = 1-x° A, = XA. Cooling factor X and effective configuration factor

X =@y + (1= Qg )@y, are the same, though they are expressed from different

perspectives and forms.

See the following configuration factors: from heating surface to heating sur-
face ¢ =1- @y, from heating surface to furnace wall ¢, =1—@,, from fur-
nace wall to heating surface @, = (1 - ¢y )® , and from furnace wall to furnace
wall Pww = 1- Puwt-

Medium radiation Q, is determined as follows:

-
Q, =& T, A

where T, is medium temperature, A is the area, and A= A; + A,,.

The emissive power of a heating surface consists of the following parts: the
heating surface’s own radiation £,0A,T;*, the reflected radiation of the flame ra-
diation Q,X (1—o,), the reflected radiation of the radiosity of the furnace wall
ORrw [(1 — Oy )w](l —0,)(1—0y), and the reflected radiation of the radiosity of
the heating surface Qgy, @y (1— 0t )(1—0t).



Radiation Heat Exchange Between Isothermal Surfaces Chapter | 3 91

The emissive power of the furnace wall is equal to the radiation projected
onto it, because the furnace wall is insulated. Furnace radiosity consists of the
following parts: the irradiation caused by flame radiation Q,(1-x), irradiation

caused by heating surface radiation Qg (1— @, )(1 -, ), and irradiation caused
by furnace wall radiation Qgy, [1—(1- @)@ ](1- ).

According to the heat balance principle, the heat that the heating surface
receives is equal to that the flame loses, thus:

0 =0, — Ory — OrwQy (3.34)

Combining all the above equations yields the detailed expression of Q.

Next, let’s determine the heat transfer between the medium and a surface
considered to be one unit that includes the heating surface and furnace wall.
There are two cases that demonstrate this particularly well: the suspension-fir-
ing furnace (Fig. 3.11) and the grate furnace (Fig. 3.12).

The overall peripheral area of the suspension-firing furnace is

A
Agy = A; + A, x=—, where A, is the area of the heating surface and A,, is the
W
area of the furnace wall. (The furnace wall is originally denoted by subscript fw,

but for simplicity, subscript T is used to denote it in the following derivation.)
The emissive power of the flame is Qg, =0, +(1— ;)0 Where

Q, is the flame radiation itself. The emissive power of the furnace wall is

Or; = 0, + (1— x0t;)Org, Where Q, is the furnace wall radiation itself. Thus:

_ Qg+(1_ag)Ql
1—(1—oy)(1—-xet,)

Ore (3.35)

FIGURE 3.11 Suspension-firing furnace.

Furnace surface

o A A+,

S| Furnace wall A,
Heating surface A,

Fire bed R

FIGURE 3.12 Grate furnace.
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Oro = Ql+(1_-xat)Qg
KT - (- 0ty) (1 - xer,)

(3.36)

By considering the heat the flame loses as the radiation transfer heat, we
obtain:

O O
OCg X0
Q = QRg - QRt = 1 1 (337)
1
X0 OCg

Substituting Q, = ¢, A0 Ty, O = oA, 0T" into Eq. (3.37) yields:

Q =oupA, (T -T) (3.38)

where af is furnace emissivity, namely system emissivity, which can be calcu-
lated as follows:

1 1
oy = = (3.39)

1 1 1 1
— x| ——1| —4x|—-1
o o, £ £,

R
Define r = X for the grate furnace, where R is the fire bed area, A, is the
t

A,
furnace area and x=—= L
A Ay +A

the following two formulas can be derived:

. Similar to the suspension-firing furnace,

QRg = Qg + QRIgott (1 - ag ) + QR = Qg + QRt (1 - )/)(1 - ag ) + QR (340)

Oy :Qt+(1_xa[)QRg (3.41)

where Qg is the emissive power of the fire bed, O, = ochtGTg4 is the flame
radiation itself, and Q, = o, A,6T* is the water wall radiation itself. Thus, the
emissive power of the fire bed is:

Or =(1-0y)ROT, = (1- 0, )xACT, (3.42)
Substituting Eq. (3.42) into Eqgs. (3.40) and (3.41) yields:

_ xo, AT +(1-xo ) MAOT,
xo +(1—xo )M

Rt (3.43)

_ MAoT, + (- M)xa, AoT
B xo, + (1= xa )M

Re (3.44)
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where M = o, +r(1-0,) is an intermediate variable. Therefore, the heat ex-

change quantity is:

MoxAo (T4 -TF)
xa +(1—xa )M

0 =0y —Ori = =opAG(T¢-T4)  (3.45)

where system emissivity is:

Mo, _ 1

F_xat+(l—xat)M_L+x(i_lj (3.46)
o, M

o

The above derivation is based on the fourth-power law, which attributes the
effect of medium properties and geometric characteristics to a system emissivity.

3.2.3 Calculating Radiative Heat Transfer According
to Projected Heat

The former Soviet Union’s standard uses the Gurvitch method to perform the
boiler thermal calculation, with slight differences between the 1957 version and
the 1973 version. In the Gurvitch method, radiation heat transfer is calculated
based on irradiation.

1. 1957 standard
The 1957 standard contains the following fundamental assumptions: that the
heating surface (ie, the water wall) is a blackbody with temperature of 0 K (thus
o, =1,T = 0K), that the water walls are arranged uniformly, and that the flame
is a graybody.

Based on these assumptions, derivation from Egs. (3.38) and (3.39) yields
the following:

0=0p0AT, (3.47)
1
op =————
1+x[1—1] (3.48)
Oy

In actuality, the water wall is not a blackbody, so in practice a coefficient of
0.82 is introduced into furnace emissivity oy to amend the result. In addition,
there may be fouling on the surface of the water wall, and the temperature of the
wall is quite high, thus fouling factor { is also introduced for correction. ag can
then be expressed as:

0.82
1+[1—1j§x (3.49)

o,

OCF=
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The fouling factor will be discussed below in detail. Eq. (3.49) has fallen out of
common use; instead, modern engineers utilize the equations in the 1973 standard.

2. 1973 standard
The assumption necessary for calculation under the 1957 standard is obviously
not reasonable. Although introducing correction factors improves the calcula-
tion to a certain extent, the results are still not sufficient. The thermal efficiency
coefficient obtained from experiments under the 1973 standard can be used to
amend the heat exchange quantity.

The thermal efficiency coefficient is the ratio between the absorbed radiation
energy Q by the water wall and incident radiant energy Q; onto the water wall.
See the following:

— g — O —Or
O O

where Qg; is the radiosity of the water wall. Q; and Qg, can be measured with a
radiometer, thus y/is an empirical coefficient. Under the 1973 standard, the as-
sumption that the temperature of the water wall is 0 K is removed and instead it
is assumed that is constant, so the heat exchange quantity becomes:

=y (3.51)
Replacing x with y and using the 1957 standard form yields:

14 (3.50)

Q=apyAcT, (3.52)

where @ is the furnace emissivity for calculating incident radiant energy Qy,
which is different from the system emissivity discussed in heat transfer theory
[see Eq. (3.40)].

For a suspension-firing furnace:

_ 1
Op=—Fr———
1+w(1—lj (3.53)
ag
For a grate furnace:
_ 1
O —T),M—ag+(1—ag)r (3.54)
I+y| —-1
M

Next, let’s explore the relation between vy, x, and . By definition, thermal
efficiency coefficient y is the ratio between the radiant energy absorbed by
heating surface Q and the radiant energy projected onto furnace surface Qy; the
effective configuration factor x is the ratio between the radiant energy projected
onto heating surface Oy, and that projected onto furnace surface Q;. Fouling
factor  is the ratio between the radiant energy absorbed by heating surface O
and the radiant energy projected onto heating surface Qy,, that is:
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_0
L
o
;20

O

Thus:

=x¢ (3.55)

The effects of fouling on both surface emissivity and temperature are in-
cluded in {. Table D14 in the appendix lists the values of { under different
conditions.

3.3 RADIATIVE HEAT EXCHANGE BETWEEN A FLUE GAS
AND A HEATING SURFACE WITH CONVECTION [12,17]

Heating surfaces in the back-end surface, superheater, reheater, economizer, and
air preheater are convection heat surfaces, thus there is not only radiation heat
transfer between the flue gas and the heating surface, but also convective heat
transfer. In addition, convective heat transfer is significant in low-temperature
areas (such as the air preheater). The following provides a brief introduction to
calculating the radiation heat transfer combined with a few forms of heat transfer.
Eq. (3.32) gives us the radiation heat transfer formula for the medium sur-
rounded by the heating surface. By rewriting it in heat flux form, we obtain:

0O, 1+ ¢

4
a
¢ =—"=0 g Ty |1-—= i (3.56)
A, 2 &\ T,

Assuming that the medium is a graybody (o, = &,), the sum of convective
heat transfer g, and radiation heat transfer ¢, is:

q=4qct4q;

4
1+¢&, 4 T;
=h(T,-T)+0 3 &y [1- (T_gj

(nY
Tg (3.57)
(T, - T,

1+¢
=h(T,-T)+0 5 tz-:gT3

= ho(Ty ~T)+ by (T, ~ T))
=y(T, ~T))
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where hy = h. + h;, is the overall heat transfer coefficient at the flue gas side, in
which the radiation heat transfer coefficient is:

4
1_[;
_glte s e 3.58)
h.=0 5 e, T; T (
T,

g

Considering that the flue gas flow field within the heating surface is
nonuniform, thus utilization coefficient & is necessary to amend the heat trans-
fer coefficient:

hi =&h (3.59)

£ can be obtained from the related charts or tables in application, which are usu-
ally proposed based on experimental or operational data of the boiler.
The overall heat transfer quantity is:

0=KAA, (3.60)
in which the heat transfer coefficient is given by:

1

1L 3.61)

y hy

K=

where p=—-2 is the ash deposit coefficient (ie, fouling heat resistance), 8, is

a
the thickness of the fouling layer, /, is the heat transfer coefficient of the work-

ing medium (water or steam) side, Az is the temperature difference between the
flue gas and the working medium, and A, is the heat transfer area, which can
be determined in two different ways—when one side is steam or water and the
other side is flue gas, then A, is the area of the flue gas side; when the two sides
are both gas (eg, flue gas and air), then A, is the average area of both sides.

A few supplementary explanations are necessary for h. Let’s first deter-
mine the meaning of each term in Eq. (3.58): & is the emissivity of the heating
surface, (& = 0.68 for the slag screen and & = 0.80 in any other case), & is the
emissivity of the flue gas (see chapter: Emission and Absorption of Thermal
Radiation), T, is the temperature of the flue gas, which is the average of the
temperature at the inlet and outlet of the heating surface (when the temperature
difference is greater than 300°C, use the logarithmic mean value; otherwise,
use the arithmetic average value). T; is the temperature of the furnace surface
(in K), which is calculated as follows:

T, =t +273

_ L Bcal (362)
tt—t+(p+h2) 4 (0+0;)
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where 7 is the average temperature of the working medium, and p is the ash
deposition coefficient. Eq. (3.62) is applicable for platen superheaters and con-
vection superheaters. For economizers and air preheaters, the equation can be
simplified as follows:

t=t+At

where At = 80°C at high-temperature sections, Ar = 60°C at mid-temperature
sections, and Ar = 25°C at low-temperature sections.
Next, correct the front space of the tube bundle as follows:

TO 0.25 lO 0.07
"=h|1+A| =2 L
hy [1000] [lt j (3.63)

where [0 is the depth of the radiation space (in front of the tube bundle), [, is the
depth of the tube bundle, Tg0 is the temperature of the flue gas in the front space
of the tube bundle, and A is a coefficient that equals 0.2 when burning heavy oil
or coal gas, 0.4 when burning anthracite, lean coal, or bituminous coal, and 0.5
when burning lignite or shale.

Example 3.3
Find the radiation heat transfer coefficient h,, heat transfer coefficient K, and heat
transfer quantity Q in a system where the final superheater of the boiler has the
following properties.

The area of the heating surface H = 122.5 m?.

The flue gas effective radiation layer thickness s = 0.252 m.

The average temperature of the flue gas 6, =706.8 °C, T, = 980K.

The average temperature of the working medium t = 361.8°C.

The average temperature difference At = 344.6°C.

The convective heat transfer coefficient of the flue gas h. = 72.8 W/(m?°C).

The convective heat transfer coefficient of the working medium h, = 1357 W/
(mZ oC) X

The flue gas component (volume fraction) fy,5 = 0.058, 1, = 0.1983.

Fly ash concentration (mass fraction) ug, =0.0109 kg/kg .

The diameter of fly ash particles di, =13 um.

The ash depositon coefficient of the heating surface p =0.00537m?2-°C/W .

Flue gas density p, =1.33kg/m’.

The emissivity of fouling on the tube wall ¢,, = 0.82.

Solution

By analyzing the known conditions, it becomes clear that if h, is obtained, then K
and Q are easily calculated. In order to obtain h,, two unknown variables (eg and
T.,) should be determined first; g can be determined according to calculation
equations for flue gas containing ash.
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The overall extinction coefficient of flue gas K is the sum of K; and Kj,. K; and
Ki, are expressed as follows:

0.78+1.6
Ky = kyiop = | =10 0.1 (
Pn

Po
B [O.78+ 1.6x0.058

v0.1983x0.252

=0.481m™)

1-0.37 Ty
. " T000 )P

041)(1—0.37@jx0.1983x1
1000

4300pgp  4300x1.33x0.0109% 1

= =0.114m™)
73 2 N3
(ngdfza) (980- x134)

K = Kiallap =

Thus, the overall extinction coefficient of flue gas K can be calculated as:
K = Ky + K, = 0.481+0.114 = 0.595(m™")
£y = 1— 75 = - 05950252 _1_ 0150 _ 139

So tht+%(p+hiz) because %:sti—;/ftrz (obtained from comparing

it with equation ¢, =t+%(p+hi](Q+Qr), which is an expression for heat
p

transfer and heat balance in the boiler thermal calculation and is not given here in
detail. Since there is no Q, in the final superheater, thus Q, = 0; also, because the
unit of Q is kJ/kg, B, is required).

Obviously, t, is related to heat transfer quantity Q, but both are unknown.
Therefore, we can only assign a value to t,, or Q and perform trial and error cal-
culations until the error between the assumed value and the calculated value is
acceptably small.

First, assume that Q =2.46x10° W and calculate the following:

ty =t+Q/H(p+1/hy) =361.8+2.46 x10°/122.5(0.00537 + 1/1357) = 484.4(°C)
T, =t, +273=757.4(K)

Then the radiation heat transfer coefficient is:

1= (T, /T,
hr = ()'(1+8W)/28g7—g3%

— (T /T,
1-(757.4/980)*

=5.67x1078x(14+0.82)/2x0.139x 9803 x
1—-(757.4/980)

=19.12(W/m?+°C)
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So the overall heat transfer coefficient is:

K = ! = !
V(he+h)+p+Vhy, 1/(72.8+19.12)+0.00537 +1/1357
=58.872(W/m?.°C)
Q=HAIK =122.5%344.6x58.872=2.49x1 0%(W)

The relative error between the calculation value and the assumed value is
1.2%, which is within £15%, so there is no need to recalculate.

Let’s assign a value to t,, for trial and error calculation next.

For example, assume that t,, =500°C, T,, =773 K, then:

1= (T /T

by = o101+ £,)/2le,T; ﬁ
wllg

1-(773/980)"

=5.67x1078(1+0.82)/2x 0.139 x 980° x
1-(773/980)

=19.59(W/m?.+°C)
1 1

K = =
Vho+h)+p+1/h,  1/(72.8+19.59)+0.00537 +1/1357
=59.06(W/m?+°C)

Q = HAIK =122.5% 344.6 x 59.06 = 2.493 x 10°(W/)
tw =t+(p+1)Q/H = 361.8+(0.00537 +1/1357)2.493 x 10°/122.5
= 486.1°C

The relative error between the calculation value and the assumed value is
2.8%. Because it is also within £15%, there is no need to recalculate.
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4.1 FUNDAMENTAL CONCEPTS OF FLUIDIZED BEDS
4.1.1 Definition and Characteristics of Fluidized Beds

The first-generation fluidized bed boiler is the bubbling fluidized bed boiler
(BFB boiler). The circulating fluidized bed boiler (CFB boiler) is an updated
version of the BFB boiler, thus it is the second-generation fluidized bed boiler.
The CFB boiler is a device that burns solid fuel to produce steam or hot water,
and the boiler furnace works with special fluid dynamic characteristics. Fine
particles (Class A particles or Class B particles in Geldart classification, ie,
particles 30~500 pm in size) are circulated through the entire furnace. The gas
velocity is higher than the average terminal velocity of an average-size particle;
at the same time, enough particles return to help maintain uniform temperature
distribution in the furnace. In brief, the flow pattern at the lower part of the
CFB boiler furnace is fluidized, and the upper part is characterized by material
transportation. “Solid fuels” are usually fossil fuels such as coal, and sometimes
biomass or solid waste.

Theory and Calculation of Heat Transfer in Furnaces. http://dx.doi.org/10.1016/B978-0-12-800966-6.00004-1
Copyright © 2016 Tsinghua University Press Limited. Published by Elsevier Inc. All rights reserved. 101
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Most particles that leave the CFB boiler furnace are separated by a gas-
solid separation device (the “separator’’) and sent back to the furnace at a high
enough flow rate from the return port near the furnace bottom to sustain the
particle backmixing circulation in the furnace at whatever level is necessary.
A schematic diagram of the structure of a CFB boiler is shown in Fig. 4.1. Part
of the air needed by the fuel is suppied into the furnace by the air distributor at
the bottom of the furnace—this is the “primary air.” The amount of primary air
is usually lower in practice than the theoretical air demand, usually 40~60%
of the total air required. “Secondary air,” then, is supplied into the furnace at a
certain height above the air distributor, either from all around or from a certain
direction. Fuel burns in the furnace to release heat, part of the heat is absorbed
by the water wall or steam-cooling heating surface (including the superheater
and reheater), and the remaining heat is absorbed by the convective heating sur-
face at the back-end ductwork of the boiler or carried away by exhaust flue gas.

Facilitating necessary material circulation through special hydrodynamic
properties by fast fluidization or dilute phase backmixing is a very crucial part
of running a CFB boiler successfully—this process is also how the CFB boiler
was named. A careful combination of bed sectional gas velocity, material cir-
culating flow rate, particle characteristics, material size distribution, and boiler

1l

Steam drum

Convection superheater

Platen superheater Z |
|

Separator

E Economizer
A
L Air preheater
Secondary air E — .
~=— Cold air
. Fuel Loop seal
Limestone
D g -
Air distributor Z Flue gas
Plenum Primary air

Ignition burner

FIGURE 4.1 CFB boiler structure schematic diagram.
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geometric shape can produce special hydrodynamic characteristics. Under
these hydrodynamic characteristics, solid material is fluidized by the gas flow
at a velocity faster than the terminal velocity of single-particle material. At the
same time, solid material is not directly entrained by the gas flow as occurs in
a gas transportation system. Conversely, material moves up and down in un-
even-sized particle clusters, forming high-level internal material backmixing.
These small clusters move upward, downward, and around as they are formed,
broken, and regenerated constantly. These special hydrodynamic characteris-
tics can carry a certain amount of large-particle material with terminal velocity
far higher than the sectional average gas velocity. This gas-solid motion mode
forms a large gas-solid slip velocity. From the viewpoint of hydrodynamics
the particles in the zone other than the dense-phase zone of the CFB boilers
are in a fast fluidized zone. These remarkable hydrodynamic properties distin-
guish the CFB boiler furnace from other types of boilers (such as the furnace
of the grate-firing boiler or the furnace of the pulverized coal suspension-firing
boiler). Fig. 4.2 and Table 4.1 provide a detailed comparison of different types
of boilers.

4.1.2 Basic CFB Boiler Structure

A typical CFB boiler can be divided into two parts. The first part contains the
following components: the furnace or fast fluidized bed (combustion chamber),
the gas—solid separation device (cyclone separator or inertial separator), and the
solid material recycling device (standpipe, loop seal, or external heat exchanger
for some CFB boilers). These components facilitate the circulation of solid ma-
terial with the fuel burned inside. Like a pulverized coal boiler, the furnace of a
CFB boiler usually has a water wall, where a portion of the combustion heat is
absorbed by water wall tubes.

The second part is the convective flue gas passage, which includes a su-
perheater, reheater, economizer, and air preheater, where the remaining heat
from the gas is absorbed. Other auxiliary parts of the CFB boiler include the

|
:|
2
v
- |
g Bubbling fluidized Circulating Pneumatic transport zong
é bed zone fluidized bed
= zone
Average solid
particle velocity

Empty section air velocity/terminal velocity

FIGURE 4.2 Gas dynamic characteristics of different combustion types.
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TABLE 4.1 Comparison of CFB Boiler and Other Boilers

Circulating
Bubbling fluidized
Fire grate fluidized bed boiler Pulverized
Characteristics combustion bed (CFB boiler) coal furnace
Bed height or fuel 0.2 1.2 15-40 27-45
combustion zone
height/m
Sectional air 1.2 1:5=25 4-8 4-6
velocity/(m/s)
Excess air 1.2-1.3 1.2-1.25 1.15-1.3 1.15-1.3
coefficient at
furnace exit
Sectional thermal 0.5-1.5 0.5-1.5 3-5 4-6
load/(MW/m?2)
Coal particle size 6-32 <6 <6 < 0.1
(mm)
Load turn-down 4:1 3:1 (3—4):1 2:1
ratio
Combustion 85-90 90-96 95-99 99
efficiency (%)
NO, emission 400-600 300-400 50-150 400-700
volume fraction
(1079
Desulfurization Low 80-90 80-95 Low
efficiency in

furnace (%)

bottom ash cooler, bottom ash conveyor, fuel supply device, and limestone sup-
ply device.

The cross section area of the lower part of a CFB boiler furnace is small and
expands upward. The area of the air distributor at the bottom of the furnace is
usually the smallest of all the components in order to maintain a good fluidized
state even for segregated particles. The furnace wall below (even sometimes
above) the secondary air inlet is covered by a refractory layer, and the covered
area is determined by fuel characteristics.

The cross section area of the upper part of the furnace is uniform and larger
than that of the lower part, and the evaporation heating surface is usually ar-
ranged at this part of the furnace wall. The gas-solid separation device and non-
mechanical material loop seal are arranged outside the furnace, and these parts
are also covered by abrasion-resistant and refractory layers. In some boiler de-
signs, a portion of the hot material circulating between the separator and furnace
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is bypassed to an external heat exchanger, where some heat is absorbed. The ex-
ternal heat exchanger is a bubbling fluidized bed comprised of a heating surface
with immersed pipes. There is only a small amount of air in the external heat
exchanger, thus the combustion fraction is very small. At present, except for the
Lurgi CFB boiler, CFB boilers do not have external heat exchangers.

To increase the fuel’s residence time in the furnace, fuel is usually fed from
the furnace bottom. Fuel can be fed through an independent fuel feeding port, or
from the loop seal below the standpipe with hot bed material. Primary air enters
the furnace through the air distributor, and secondary air is supplied into the
furnace from a certain height above the air distributor to ensure the fuel burns
completely. Though heat is absorbed along the furnace height continuously, due
to good mixing of material throughout the furnace height, the temperature along
the furnace height is basically uniform.

4.1.3 Different Types of CFB Boilers

At present, the CFB boiler has a large capacity (more than 1000 t/h) and is de-
veloping toward even larger capacity and the supercritical parameters. The most
common CFB boilers in use worldwide include the Lurgi (Lurgi Ltd., Germany),
Pyroflow (Ahlstrom Ltd., Finland), FW (Foster Wheeler Ltd., USA), Circofluid
(Babcock Ltd., Germany), and Inner Recycle (B&W Ltd., USA). Schematic
diagrams of these different types of CFB boilers are shown in Fig. 4.3.

1 1 1
Lurgi type FW type Pyroflow type

11
10

il
IR type Circofluid type

FIGURE 4.3 CFB boiler furnace types. Note: (1) air distributor, (2) furnace, (3) adiabatic
high-temperature cyclone separator, (4) high-temperature steam-cooling cyclone separator,
(5) mid-temperature cyclone separator, (6) internal separation unit, either U-shape or shutter, (7)
external bed heat exchanger, (8) INTREX heat exchanger, (9) Q tube panel superheater, (10) super-
heater, (11) high-temperature economizer, (12) back-end ductwork, (13) fly ash recirculating port.
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The fuel particle size entering the furnace of a Lurgi CFB boiler is
50~500 pm, the fluidized velocity is 3~10 m/s, the primary air ratio is 40%,
and the bulk density on the air distributor in the normal state, 273.15 K (0°C),
101.325 KPa, is 300 kg/m>. The bulk density (normal state) above the second-
ary air inlet port is approximately 30~50 kg/m’. High-temperature adiabatic
separation is adopted. The most significant characteristics of the Lurgi CFB
boiler are its external bubbling fluidized bed heat exchanger (EHE), which has
a special function suited to the large scale of CFB boilers, as well as the ability
to control load and combustion temperature, desulfurization in the furnace, and
fuel adaptability. The disadvantages of the EHE are its complex structure and
large inertia of load change. A typical Lurgi CFB boiler is illustrated in Fig. 4.4.

The Pyroflow CFB boiler, of Finnish organization Ahlstrom Ltd. (Fig. 4.3),
is similar to the Lurgi but does not have an EHE. Both of them adopt high-
temperature adiabatic cyclone separation, and are high-rate CFB boilers (with
a circulation rate of approximately 70~80). The fluidized velocity of the Pyro-
flow is 5~5.5 m/s, and the primary air ratio is 40~70%. The bulk density on the
air distributor (normal state) is over 100 kg/m?, and the bulk density above the
secondary air inlet port is approximately 30~50 kg/m>.

The FW CFB boiler, of Foster Wheeler Ltd. (USA), is not intrinsically dif-
ferent from the Pyroflow CFB boiler. Its most notable characteristic is that it em-
ploys a high-temperature, steam-cooling cyclone separator. The Inner Recycle
(IR) CFB boiler (B&W, USA) has a U-shaped separator at its furnace outlet,

N/ 2
1 3 ‘ |
9
5 6\

2

10
m O 16
FIGURE 4.4 Systematic diagram of a Lurgi CFB boiler. Note: (1) coal bunker, (2) coal feeder, (3)
limestone bunker, (4) secondary air, (5) furnace, (6) cyclone separator, (7) hot ash control valve, (8)

external bubbling bed heat exchanger, (9) back-end ductwork, (10) baghouse filter, (11) water feeding
inlet, (12) steam outlet, (13) steam drum, (14) primary air, (15) slag, (16) induced draft fan, (17) stack.
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and the separated fine ash flows downward along the furnace’s rear wall to form
the internal recycle. The separation efficiency of the IR circulation system is
low, and generally the secondary-separated fly ash in the back-end ductwork
must be recovered back to the furnace to burn again.

The Circofluid CFB boiler (Babcock Ltd., Germany), as shown in Fig. 4.5a,
adopts low-rate (10~20) and mid-temperature (400~500°C) separation. Its flu-
idized velocity is 3.5~5 m/s, and the bulk density above the suspension stage
(normal state) is 1.5~2 kg/m>. The primary air ratio is approximately 60%.
Fig. 4.5b shows a sketch of a 130 t/h Circofluid CFB boiler manufactured by
Beijing Boiler Works with imported patent technology.

4.1.4 CFB Boiler Characteristics

There is a certain amount of solid particles (bed material) in the furnace of any
CFB boiler, with particle sizes usually 0.1~0.5 mm. The solid particles include
one or several of the following:

1. Sand or gravel (when burning low-ash fuel such as biomass).
2. Fresh or spent desulfurizer (when burning high-sulfur coal or when desul-
furization is needed).

(a)

i

lF
2

i

FIGURE 4.5 Circofluid CFB boilers. (a) Schematic diagram of a circofluid CFB boiler,
(b) general drawing of 130t/h Circofluid CFB boiler manufactured by China (front view),
(c) general drawing of 130t/h Circofluid CFB boiler manufactured by China (top view).
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3. Coal ash (when burning high-ash or medium-ash coal, where desulfurization
is not needed).

Sometimes, the bed material is a combination of the above. The size distri-
bution of the fuel entering the furnace does not always determine the particle
size of the bed material (especially for low-ash fuel), because the fuel only oc-
cupies a very small percentage (1~3%) of the total amount of bed material in
the CFB boiler. In addition, fracture and cracks in the bed material inevitably
occur during the fuel combustion process.

The CFB boiler has many unique merits that lend it better environmental
and energy-saving properties than other solid-fuel boilers.

1. Wide flexibility for fuel
In a CFB boiler, fuel only accounts for 1~3 wt.% of the bed material,
and the remainder is incombustible solid particles (such as desulfurizer,
ash, or sand). The bed hydrodynamic characteristics of the CFB boiler al-
low gas/solid and solid/solid materials to mix very well, thus the fuel can
mix with large amounts of high-temperature bed material rapidly after
entering the furnace. Fuel is heated rapidly above ignition temperature,
while the bed temperature does not drastically decrease. As long as the
fuel heating value is higher than the heat needed to heat the fuel and air
to ignition temperature, the CFB boiler can use any fuel without needing
auxiliary fuel. The CFB boiler can run on various kinds of solid or semi-
solid fuels successfully, from anthracite to lignite and from biomass to
solid waste. Of course, this does not mean the boiler can burn a wide range
of fuels without needing some amount of modification. Many commercial
CFB boilers burn low-grade, high-ash content (40~60%) coal fuel such
as gangue.

2. High combustion efficiency
In addition, the combustion efficiency of a CFB boiler is higher than that
of a BFB boiler. The combustion efficiency of CFB boilers ranges from
95~99%, sometimes even above 99.5%. The high combustion efficiency of
CFB boilers is mainly due to their highly effective gas-solid mixing ability
and longer residence time. CFB boiler efficiency is similar to that of a pul-
verized coal boiler, which is higher than a grate-firing furnace.

3. High desulfurization efficiency
CFB boilers can also remove sulfur in the furnace, which is an extraordinary
characteristic that other furnaces (such as PC boilers or grate-firing boil-
ers) do not have. Desulfurization in-furnace requires low initial investment,
and provides high efficiency, convenient operation, and cost-effectiveness
compared to postcombustion desulfurization. In-furnace desulfurization in
the CFB boiler is more efficient than that in the BFB boiler—to reach 90%
desulfurization efficiency, a typical CFB boiler needs a molar ratio of lime-
stone to sulfur Ca/S of 1.5~2.5, while a BFB boiler needs a ratio to Ca/S of
2.5~3 or even higher to reach the same efficiency.
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4. Low NO, emission
Low NO, emission is another prominent characteristic of CFB boilers. In-
dustrial operation data have shown that the NO, emission volume fraction
of a typical CFB boiler reaches 150 X107°~50x107° due to the special
combustion condition of the dense-phase zone, low-temperature combus-
tion, and staged air supply, especially for highly volatile fuel. Primary air
less than the amount of stoichiometric combustion is supplied from the fur-
nace bottom, thus nitrogen in the fuel cannot fully react with oxygen to form
oxynitrides, and a small amount is reduced to N,. Secondary air is supplied
from a certain height above the furnace bottom air distributor, leaving ex-
cess air of about 20%. Because the nitrogen in the fuel has transformed into
molecular nitrogen at this point, there is only a small change in the NO,
formed above the reduction area. In the low-temperature combustion zones
of a CFB boiler (800~950°C), generally, nitrogen in the air does not react
with oxygen to form thermal NO,.
5. Small furnace cross section area

Fig. 4.6 compares the sectional thermal load of several combustion types.
The sectional thermal load of an atmospheric CFB boiler is 3~5 MW/m?2,
nearly equal to or higher than that of a PC boiler. As shown in the figure, for
the same thermal load, a BFB boiler needs a furnace cross-section area 2~3
times larger than a CFB boiler.

It is important to mention that because pressurized fluidized bed boiler
technology is still relatively unmatured, it has not yet been widely applied in
the field at present.

CFB boilers have high sectional thermal load, mainly due to the high
sectional gas velocity (4~8 m/s) in their furnaces. Intense gas—solid mixing
promotes rapid heat release and transfer, which enhances sectional thermal
load. Its small furnace cross section area makes the CFB boiler suitable for
renovation of existing coal- or oil-fired boilers.
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FIGURE 4.6 Sectional thermal loads of different combustion types.
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6. Simple fuel system
Compared to PC boilers, CFB boilers have simple fuel systems due to the
fact that they do not necessitate coal pulverization, and instead only pre-
liminary crushing of the fuel (the crushing is often completed by the fuel
supplier), saving the considerable effort necessary for a coal pulverization
system. Because its fuel-feeding ports are relatively few, the fuel supply
system of the CFB boiler is quite simple. At the given heat duty, the furnace
cross section area of the CFB boiler is small, and meanwhile, due to effec-
tive mixing and extension of its combustion area, one feeding port can meet
the fuel demand of a much larger area than that of the BFB boiler. Every
fuel-feeding port of the CFB boiler can supply a much larger bed area and
its sectional thermal load is much more than that of the BFB boiler.

7. Wide turn-down ratio and fast load response
Since its sectional gas velocity is high and its absorption of heat is easy to con-
trol, load response in a CFB boiler is very quick. Generally, the load changing
rate of a CFB boiler can be 2~4%, sometimes even 10%. The load changing
range of the CFB boiler is much wider than that of the PC boiler, as well—up
to (3~4):1, and it is able to burn stably at 20~30% of the rated output.

8. Low corrosion of boiler back-end heating surface
Due to in-furnace desulfurization and complete combustion, the back-end
heating surface (especially the low-temperature air preheater) of the CFB
boiler shows less corrosion than that of the PC boiler or grate-firing boiler
with the same coal and the same exhaust gas temperature. In other words,
the exhaust gas temperature can be reduced appropriately through reliable
operation to enhance boiler efficiency.

There are also a few important disadvantages of CFB boiler technology.

1. The structure is quite complicated. For example, because a high-temperature
cyclone separator (which is very large and expensive) is used, the steel con-
sumption of the whole CFB boiler jumps by about 20%.

2. The flow resistance of the bed material circulation system of the entire boiler is
quite large, which increases the power consumption of the system—its power
consumption is approximately 7% of its own power generation. That said, due
to doing without the pulverization system, the CFB boiler system consumes
about as much electricity as, or only slightly more than, the PC boiler.

3. Additionally, the heating surface and refractory layer in the CFB boiler fur-
nace are washed by solid particles, so inappropriate design may cause some
extent of abrasion.

4. Finally, the N,O emission is higher than that of other combustion types. The
N,O emission range of the CFB boiler is 50 X 107°~200 X 10°, consider-
ably higher than that of the PC boiler (<20 X 1079).

The primary development direction of the CFB boiler, on the one
hand, is to simplify boiler structure, save cost, and modify or adopt a new
low-resistance, small-scale separator; on the other hand, developers are
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interested in taking advantage of the CFB boiler’s high-efficiency and
energy-saving properties on a larger scale. At present, 1500 t/h CFB boil-
ers have been applied in industries worldwide, and a 2000 t/h CFB boiler
has been put into operation in China. CFB boilers with larger capacity and
higher parameters (such as supercritical) are currently being developed.

4.2 CONVECTIVE HEAT TRANSFER IN GAS-SOLID FLOW

During the design and operation of grate-firing boilers and suspension-firing
boilers, the heat transfer on the heating surface depends on the combustion situ-
ation, and is usually self-adaptive. In a CFB boiler, however, the situation is
different—the heat transfer of the gas—solid flow is more complicated than that
of pure gas, but the heat transfer is closely related to combustion and can even
be considered to fully determine the combustion situation and boiler load under
certain conditions. Therefore, it is necessary to research and analyze the heat
transfer of the gas-solid flow in the CFB boiler to design and operate the system
as efficiently as possible. Fig. 4.7 shows the distribution and arrangement of the
heating surface in a typical CFB boiler.

In the CFB boiler, heat transfer modes of the gas-solid flow can be divided
into the following five situations:

1. Heat transfer between gas and solid particles, within two-phase flow in the
furnace.

Steam drum —
Cyclone separator || p===

-
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" Economizer
——
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laver ~ :ll Loop scal and stack
Air preheater ~
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Coal/limestone Ash

Fluidized air

FIGURE 4.7 A CFB boiler heating surface.
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Heat transfer between the bed material and water wall, within two-phase
flow in the furnace’s heating surface.

. Heat transfer between the bed material and immersed pipes in the furnace,

within the dense-phase zone in the bubbling bed.

. Heat transfer between the bubbling bed material and immersed pipes in the

external heat exchanger (EHE).
Heat transfer in the cyclone separator (or another type of separator).

. The above five situations can be classified into two classes: heat transfer

between gas and particles, or heat transfer between the gas-solid flow and
the wall or tubes. Table 4.2 provides the orders of magnitude of heat transfer
coefficients during the above heat transfer situations.

Compared to the heat transfer coefficient between a bed material and heat-

ing surface, heat transfer coefficient calculation between gas and solid particles
is rarely necessary, but in some specific cases this calculation is also needed.
When the gas-solid is near the air distributor, solid inlet port, or secondary air
inlet port, the gas-solid temperature is different than the average bed material
temperature and thus thermal inertia is very critical to the combustion process.
In coal-burning conditions, the heating rate of coal particles has a significant
impact on the release of volatile matter; combustion, abrasion, and cracks are
also influenced by the heat transfer situation of coal particles. In addition, heat
transfer between gas and solid particles controls the response characteristics of

TABLE 4.2 Heat Transfer Coefficients in CFB Boilers

Typical heat transfer

Location Heating surface type coefficient/(W/(m?K))
Water wall tube above Evaporation heating 110-220
refractory coating in furnace surface
(890-950°C)
Platen superheater in furnace Evaporating heating 50-150
(890-950°C) surface, reheater, or

superheater
Cyclone separator Superheater 20-50
(890-900°C)
Horizontal tube of external Evaporating heating 280-450
heat exchanger (600-850°C) surface, reheater, or

superheater
Tube bundles in cross flue gas Economizer, 40-85
flow within back-end heating superheater, or
surface (200-800°C) reheater
Between flue gas and bed Furnace 30-200

material (177-420 pm, 50°C)
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the transitional process in a CFB boiler and influences the characteristics of the
automatic control system. Heat transfer between gases and solids, such as heat
transfer of the dense-phase zone near the air distributor or the dilute-phase zone,
is also important, but due to space limitations are not discussed here. Interested
readers can refer to the related monograph.

At present, heat transfer processes in CFB boilers are not well-understood.
There yet lacks sufficient data for industrial CFB boilers, in particular. Experi-
mental observations could be applied to the information provided in this section
to understand the effects of related parameters on heat transfer, and to discuss
the heat transfer mechanisms related to design and operation variables.

4.2.1 Two-Phase Flow Heat Transfer Mechanism

In a CFB boiler with fine particles, solid particles usually form clusters in the
rising gas flow. The flow with dispersed solid particles is called the dispersed
phase, and the remainder is called the cluster phase. Most of the bed material
particles rise along the bed central area, while clusters near the furnace wall fall
down along the wall surface, as shown in Fig. 4.8. Clusters that have coalesced
from solid particles form, disappear, and reform in cycles. Therefore, heat trans-
fer to the heating surface includes the radial heat conduction of solid particle
clusters, the convective heat transfer of the dispersed phase, and the radiative
heat transfer of the two phases.

Clusters falling along the wall surface experience an unsteady-state heat
conduction process to the wall surface. Through conduction and radiation, clus-
ters transfer heat to the wall and are cooled down. In boilers, the heating surface
is very high above the air distributor—as such, heat conduction to clusters forms
a thermal boundary layer over the course of a very long travel range.

4.2.2 Factors Impacting Two-Phase Heat Transfer

Heat transfer from the bed material to the wall surface in a CFB boiler is affected
by certain design and operation parameters including material concentration,
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FIGURE 4.8 Schematic diagram of surface heat transfer in a CFB boiler.
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bed velocity (bed sectional gas velocity), bed temperature, and geometric struc-
ture. We’ll discuss these separately.

1. Influence of material concentration and particle size

In a fast bed, the average material concentration on the surface has the most
important impact on the heat transfer coefficient between the bed material
and the surface. The material concentration on the surface is in direct pro-
portion to the average material concentration of the bed. Fig. 4.9 shows the
influence curve of average bed material concentration on the heat transfer
coefficient at ambient temperature. The fourth-power law states that the
radiative factor is very important at high temperatures. Fig. 4.10 shows dif-
ferent results based on Fig. 4.9; the differences between them are due to
radiation. As shown in Figs. 4.9 and 4.10, the heat transfer coefficient in-
creases as material concentration increases. The slopes of the curves in both
figures show that the heat transfer coefficient is directly proportional to the
square root of the material concentration.

The heat from the bed to the heating surface is transferred through slid-
ing solid particle clusters and rising gas flow with dispersed-phase particles.
Experiments have shown that heat transfer by conduction from solid particle
clusters to a heating surface is much larger than heat transfer by convection.
The coverage rate of solid particle clusters on a dense-phase bed heating sur-
face is larger than that on a dilute-phase zone heating surface, therefore, the
heat transfer coefficient between clusters and the heating surface in a dense-
phase zone is larger than that in a dispersed-phase zone. In a CFB boiler, the
heat transfer coefficient from the furnace bottom to the outlet varies and is
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FIGURE 4.9 Influence of bed sectional average material concentration on the heat transfer
coefficient at ambient temperature.
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FIGURE 4.10 Influence of material concentration on the heat transfer coefficient at elevated
temperature.

influenced by many factors including fuel characteristics, total air supply,
primary and secondary air ratios, bed material circulation rate, bed material
inventory, material particle size distribution, and temperature distribution.

Fig. 4.10 shows the heat transfer coefficients measured in both a real
CFB boiler and a lab-scale experiment. The heat transfer coefficient of the
boiler was measured based on the real heating surface of a power-generating,
110 MWe (steam output 420 t/h) CFB boiler. Though the error in industrial
tests is large, we can still assert that the measured heat transfer coefficient of
a real boiler is larger than that measured in the lab, as the solid particle flow
rate falling along the furnace wall is much larger in a real boiler. Because the
average material concentration measured by the static pressure difference
method cannot reflect the solid particle flow rate completely, it should be
noted that the heat transfer comparison shown in Fig. 4.10 was made with
data from two devices of quite disparate sizes.

As shown in Fig. 4.9, the smaller the particle diameter is, the larger the
heat transfer coefficient is.

2. Influence of fluidized velocity

As opposed to BFB boilers, the fluidized velocity of CFB boilers influences
the material concentration but does not significantly affect the heat transfer.
As shown in Fig. 4.11, when material concentration is constant, the heat
transfer coefficient varies slightly at different fluidized velocities. In many
situations, if the material circulation rate is constant, when the fluidized ve-
locity increases, the decrease in the heat transfer coefficient caused by the
decreasing material concentration is more pronounced than the increase in
the heat transfer coefficient caused by the increasing fluidized velocity. The
influence of fluidized velocity on heat transfer requires further analysis for
beds with large particle size or low density.
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FIGURE 4.12 Influence of heating surface length on the heat transfer coefficient.

3. Influence of heating surface vertical length

Fig. 4.12 shows the influence curve of the vertical length of the heating sur-
face on the heat transfer coefficient. As shown, the heat transfer coefficient
measured along the heating surface decreases as vertical length increases.
Though the heat transfer coefficient decreases continuously as length in-
creases, the rate at which it decreases grows slower. As clusters fall along
the heating surface, the temperature gradually comes near the surface tem-
perature—as the temperature difference between the surface and clusters de-
creases, the calculated heat transfer coefficient decreases as heating surface
length increases. In real boilers, any one specific cluster cannot move along
the surface endlessly—when clusters fall to a certain height, they return to
the bed center or break and are replaced by new clusters. Therefore, after go-
ing through a certain vertical length of the heating surface, the heat transfer
coefficient tends toward a stable value.
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4. Influence of bed temperature

Research has shown that at constant material concentration, the total heat
transfer coefficient increases as bed temperature increases (Fig. 4.13). Due
to the increase in temperature, the thermal resistance between clusters near
the wall layer and the surface decreases, causing an increased heat transfer
coefficient. In addition, the increased radiation of particles in the bed and
gas leads to an increased heat transfer coefficient. In a real CFB boiler, the
impact of bed temperature on the heat transfer coefficient is more compli-
cated, and the thermal resistance of the whole heat transfer process requires
further discussion; we do not analyze it here due to space limitations, but
urge interested readers to consult our references.

4.2.3 Two-Phase Flow Convective Heat Transfer

The main difficulty inherent to establishing the heat transfer model from the
bed to the surface in a fast bed is the lack of knowledge of gas-solid flow char-
acteristics in the fast bed. In general, it is believed that heat is transferred to the
unsteady thin layer of solid particles sliding along the surface to form the ther-
mal boundary layer. The larger the boiler capacity is, the thicker the boundary
layer is. Analysis of the mass balance, momentum balance, and energy balance
of the gas-solid flow near the wall allows us to obtain details regarding the heat
transfer from the bed to the wall surface—said analysis is rather complex, as
you’ll discover later.

There are two flow patterns in a fast bed: dispersing solid particles (solid-
particle dispersed phase) and clusters. The clusters and solid-particle dispersed
phase simultaneously contact different parts of the bed wall. Supposing &, is
the average percentage of the surface area covered by clusters, 4, is the convec-
tive heat transfer coefficient, and £, is the radiative heat transfer coefficient, the
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FIGURE 4.13 Change of the total heat transfer coefficient with bed temperature at constant
material concentration (20 kg/m3).
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oveall heat transfer coefficient of the heating surface can be denoted as the sum
of h, and h,, that is:

h=he+h, (4.1)
he = 8chee + (1= 8 )hg (4.1a)
hy = 8.hey +(1—8.)dy, (4.1b)

where & is the convective heat transfer coefficient from the clusters to the heat-
ing surface, hy is the convective heat transfer coefficient from the solid-particle
dispersed phase to the heating surface, A, is the radiative heat transfer coeffi-
cient from the clusters to the heating surface, and Ay, is the radiative heat trans-
fer coefficient from the solid-particle dispersed phase to the heating surface.
At any time, the wall surface of the CFB boiler is partially covered by clus-
ters while the rest of the wall is exposed to the solid-particle dispersed phase. As
shown in Fig. 4.8, the average time coverage rate of clusters on the surface is:

K
5, = l[w} 4.2)
21 (I-v.)

where coefficient K = 0.5, v, is voidage at the wall surface, v, is voidage in
the clusters, and Y is the percentage of solid particles in the particle dispersed
phase, which increases from the bed center to the heating surface and reaches
its maximum on the heating surface. Research shows that the distribution of
vertical voidage is related only to the average of vertical dimensionless distance
(r/R) and sectional average voidage, thus, the empirical equation for surface
voidage is:

V(R)=v,, =" 4.3)

where n has been determined through experimentation to be 3.811.
Convective heat transfer includes convective heat transfer of clusters and
the particle dispersed phase, that is:

he= 5chcc +(1- 6c Wge 4.4)

1. Convective heat transfer of clusters
In a CFB boiler furnace, clusters move along the heating surface. After con-
tacting the heating surface, the clusters either break and disappear or bounce
to another place in the furnace. When clusters contact the heating surface,
there is unsteady heat conduction between the clusters and heating surface.
At the initial stage of heat transfer, only the first adjacent layer of clusters
transfers heat to the surface and its temperature falls close to the surface
temperature. When clusters remain on the surface long enough, internal par-
ticles of the clusters begin to participate in unsteady heat conduction to the
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surface. Analyzing the unsteady heat transfer between the surface and clus-
ters allows us to obtain the instant local heat transfer coefficient A;:

h = /M (4.5)
1

where A, ¢, and p, are the heat conductivity coefficient, specific heat capac-
ity, and density, respectively, and 7is time.

Because the heat conduction of clusters is analyzed based on the heat
conduction of small clusters in the BFB boiler, it can be similarly under-
stood that the characteristics of clusters are the same as those of the emul-
sion phase in the BFB boiler. So the specific heat capacity of clusters is
C. =[(1-v.)Cp +v.Ce ], density is p. = [(1-0)p, + VP, ], and v is void-
age of clusters. The heat conductivity coefficient of clusters A, can be found
in the literature [16].

Supposing the adherence time between the clusters and surface is 7, the
average heat transfer coefficient is:

42’CCCPC
7T,

1z
he=—| hdt= (4.6)
(2 J-O '

In a fast bed, the thermal resistance between the clusters and surface in-
cludes two components: the contact resistance between the clusters and sur-
face, and the average thermal resistance of the clusters. Contact resistance
can be calculated according to the thermal resistance of the thin gas layer
thickness (d,/10). After analyzing the unsteady heat conduction process of
the clusters and surface, the heat transfer component 4. can be calculated
using the following equation:

1

d, . B 0.5 @7)
104, | 42cccpe

hcc =

where 7 is the average adherence time of the clusters, and A, is the heat
conductivity coefficient of the gas, which can be determined according to
the average temperature of the thin gas layer.

If thermal time constant J is less than the cluster adherence time, then
other conditions besides heat conduction of the cluster layer must be consid-
ered. The thermal time constant J is:

2
c,d
_S%Pp _

- . 48
364, @9
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For a long, continuous heating surface, such as the actual situation in a
real CFB boiler, the adherence time of clusters is quite long. At this time,
compared with contact thermal resistance, the unsteady heat conduction of
clusters is very important, and the influence of particle size on the heat trans-
fer coefficient less so.

So when cluster adherence time is short, the first item of the denominator
in Eq. (4.7) is important. Under these circumstances, heat transfer is restrict-
ed by the cluster adherence layer. From this, for the case that particle size is
large and adherence time is short, the convective heat transfer component of
clusters A can be calculated from the following equation:

102,

dy

hCC

(4.9)

However, when adherence time is long, the heat conduction of clus-
ters affects the convective heat transfer component. At this point, Eq. (4.7)
should not be used to calculate the convective heat transfer component.

The heat conduction of clusters and surfaces depends on the duration of
time that the clusters adhere on the wall surface, in other words, the time
needed for clusters to move along the heating surface before breaking apart.
Adhered clusters accelerate their slide assisted by gravity and impeded by
surface resistance and upward gas flow drag force—the final result of these
forces causes clusters to reach a maximum speed U,,. When clusters pass
through the entire heat surface without breaking, adherence time can be cal-
culated by the following equation of motion:

2
L =90 fexp(-gr. /Um) ~ 11+ Un, (4.10)
14

where L is the vertical length of the heating surface, and 7, is the adher-
ence time of the clusters to the surface. The maximum velocity U, can be
measured through experimentation or calculated according to the empirical
relationship of surface shear stress and cluster thickness. Approximately, the
value of U, can be considered 1.2~2.0 m/s.

As shown in Fig. 4.12, the influence of cluster adherence time (or ver-
tical heating length) on the heat transfer coefficient decreases gradually.
Therefore, for large boilers, the sensitivity of the heating transfer coefficient
to adherence time is small. The influence of adherence time on the calcula-
tion of the total heat transfer coefficient in a real CFB boiler is negligible.

. Convective heat transfer of particle dispersed phase

In a fast bed, the wall surface contacts not only the clusters, but also the ris-
ing gas flow. The heat transfer between the dispersed phase and wall surface
also requires analysis. Previous studies have shown that the following heat
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transfer calculation equation derived from the dilute-phase gas-solid mix-
ture can be applied to calculate the heat transfer coefficient of the dispersed
phase:

2’ 0.3 2 0.21
hy, = _gi{@} {U_tl Pr @.11)
dy cg | Pp gd,

where py; is the density of the particle dispersed phase, Pais=[ppY + pg(1—=Y)],
A, and c, are the thermal conductivity and specific heat capacity of gas,
respectively, U, is the terminal velocity of an average-size particle, and Pr is
the Prandt]l number.

At ambient temperature, the radiative component can be ignored. Eq.
(4.11) provides the lower limit of the heat transfer coefficient, while Eq.
(4.9) provides its upper limit; these limits are very important for control and
change of the load in the CFB boiler, and have reference value for the design
and operation of real CFB boiler systems.

A notable uncertainty factor in Eq. (4.11) is the particle volume concen-
tration Y in the dispersed phase—when Y is 0.001%, the calculated values
are consistent with experimental data. However, the overall heat transfer
coefficient is not sensitive to Y in many cases.

4.3 RADIATIVE HEAT TRANSFER IN GAS-SOLID FLOW

Convection and radiation are modes of heat transfer in the CFB boiler furnace
that must be accounted for. Radiative heat transfer is an important route for the
heat transfer in the fast bed, especially in a situation with a high temperature
(>700°C) and low bulk density (<30 kg/m?). This section adopts the simplified
engineering calculation conditions discussed in chapter: Theoretical Foundation
and Basic Properties of Thermal Radiation, assuming that the two-phase flow
and surface are both isothermal graybodies.

The radiative heat transfer in the fast bed includes two parts: one is
mainly from the radiation of clusters contacting the surface, and the other is
the radiation from the particle dispersed phase to the surface. The total ra-
diative heat transfer coefficient from the bed to the surface can be expressed
as follows:

hr = 6Chcr + (1 - 50 )hdr (4 1 2)

where &, is the average time coverage rate of clusters on the surface, &, is the
radiative component of the clusters, and Ay, is the radiative component of the
dispersed phase.

1. Radiation of particle dispersed phase
For a working medium with low particle concentration, the following equa-
tion can be used to evaluate reduced emissivity of the particle suspended
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phase to a surface with a cover of clusters, that is, suspended particle emis-
sivity in the bed:

gp =1 _e—l‘Sepsts/dp (413)
where &, ; is average emissivity of the particle surface, and Y is the volume
percentage of solid particles in the furnace. When there is an abundance of
experimental and industrial data for the radiative heat transfer component,
the value of Y in Eq. (4.13) can be determined approximately. Effective
radiation layer thickness s can be calculated using the following equation:

3.5v
§=—

S (4.14)

where V is the radiative volume of the bed, and A is the coverage area of bed
radiative volume V. In a medium with low particle concentration, such as in the
suspension (dilute bed) of a BFB boiler, the emissivity of the dilute bed with-
out accounting for the impact of diffuse reflection is considered as follows:

E4 =€ T E,—&E, (4.15)

where g, and &, are the emissivity of particles and gas, respectively. Re-
search has shown that if the values of s and Y make &, more than 0.5~0.8,
the influence of diffuse reflection must be considered. For large CFB boilers,
the emissivity of the dilute bed can be calculated according to the equation
proposed by Brewster [16]:

& & £
€4= L e A (4.16)
(-¢,0)B\ (1-¢,,)B (1-¢,,)B

—ceocf
b

where &, is the average emissivity of a particle surface, &, =1-¢
coefficient c; is 0.1~0.2, ¢, is material concentration, index n is 0.2~0.4,

1
and B is a coefficient; for isotropous diffuse reflection, B = 5 , for diffuse
. . 2
reflection partlcles, B = 5 .

The emissivity of the particle dispersed phase & can be calculated using
Eq. (4.15) or Eq. (4.16), which introduces the definition of diffuse reflection
proposed by Brewster. The radiative heat transfer coefficient of the particle
dispersed phase can be calculated by the following equation:

Tb4 — Ts4
hy = €4,5ys0 T.-T. “4.17)
e 1
d,sys =
T (4.172)

& &
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where & is the emissivity of the heating surface, &y is the particle dis-
persed phase system emissivity, and T is the temperature of the heating
surface.

2. Radiation of particle clusters
The emissivity of particle clusters & can be determined based on the mul-
tiple reflection of particle clusters from the following equation:

B I+&,

4.18
5 (4.18)

&
where €, is the emissivity of the bed material.
The heat transfer coefficient of clusters &, can be calculated by changing
the £ in Eq. (4.17) to &

A -1
hor = Ec.5ys0 2 (4.19)
T, T
e _ 1
e ST T,
1T (4.19a)
£C SS

In a typical CFB boiler, the heating surface is formed by tube panels. The
particle concentration in the bed is small, especially in the upper heating
surface zone of the furnace; therefore, dilute-phase radiative heat transfer
is predominant. It is appropriate, to this effect, to use a projected heating
surface area to evaluate the radiative heat transfer component and to employ
the total peripheral area to evaluate the convective heat transfer component.
Eqgs. (4.17) and (4.18) are suitable for large CFB boilers, but are not for
small CFB boilers or the radiative heat transfer of lab-scale fire-resistant
surfaces.

4.4 HEAT TRANSFER CALCULATION IN A CIRCULATING
FLUIDIZED BED

A major difference between CFB boilers and PC boilers is that the material
(including coal ash, desulfurization agent, and so on) concentration in CFB boil-
ers is much higher than that in PC boilers, and that the material concentration
along the heating surface is uneven. Material concentration is critical for heat
transfer in a furnace, so the material concentration at the furnace outlet should
be calculated first—this can be evaluated according to the external circulation
rate. The material concentration at different furnace heights is determined by
the internal circulation rate, which varies along the furnace height. The material
concentration within the lower part is high, while that within the upper part is
low. In a large-scale CFB boiler, different calculation equations must be adopted
to calculate the water wall, dividing water wall, platen superheater, and platen



Heat Transfer in Fluidized Beds Chapter | 4 125

reheater separately. Material concentration and radiative heat transfer both have
significant impact on convective heat transfer.

The structure/size of the furnace’s heating surface, including width and
thickness of fin, also significantly affects the average heat transfer coefficient.
The width of fins affects the aggregation of material clusters, and is related
to the utilization coefficient of the extended heating surface. Similar to the
PC boiler, the temperature level in the CFB boiler furnace significantly im-
pacts radiative heat transfer. The calculation methods presented here were es-
tablished according to previously published work and methods proposed by
Tsinghua University, with careful consideration of engineering convenience
and feasibility.

The absorbed heat of the heating surface in a CFB boiler can be calculated
by the following equation:

Q=K-A, AT (4.20)

where Q is the heat transfer rate, K is the heat transfer coefficient based on the
total area of the gas side, AT is the temperature difference, and A, is the total
peripheral area of the gas side.

4.4.1 Influence of Heating Surface Size on Heat Transfer

The heat transfer coefficient of a furnace’s heating surface can be calculated
using Eq. (4.21). The thermal resistance includes four parts: gas side thermal

. 1 . . . . 1 A .
resistance — , working medium side resistance —-—% | the heating surface’s

n’

b m m
own thermal resistance %, and additional thermal resistance p,,. See the
following:
1
K=
11 A 0, (4.21)
St P+ :
W Ay 5T

where & is the heat transfer coefficient based on the total wall surface of the
gas side, h,, is the heat transfer coefficient of the working medium side (which
can be calculated according to thermal calculation of the former Soviet Union’s
1973 standard), A, is the total area of the gas side, A, is the total area of the
working medium side, 8, is tube thickness, and A is the metal thermal conduc-
tivity of the heating surface.
The heat transfer coefficient based on the total wall surface of the gas side
is expressed as follows:
h,

n =[P =D+ 1l——~

4.22
+ P 'hb ( )
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Aﬁn

where P is the fin area factor, P = , Ag, 18 fin area, 1 is fin utilization, Ay,

g
is the gas side heat transfer coefficient shown in Eq. (4.34), and p; is the ash
deposition coefficient of the heating surface (0.0005).

The fin area coefficient is:

P:Aﬁn s—d

Ag s—5+(72r—1)d ¢-29)

where s, 8, and d are tube pitch, fin thickness, and tube diameter, respectively,
which are depicted in Fig. 4.14.
The fin utilization coefficient is:

_tanh(f-w")
n= B'W”

where £ is related to the heating situation of the heating surface, fin structure/
size, and membrane wall fin material, which can be denoted as follows:

_ [ Nhy(w+8)
h= \ SA(1+ pyy) 2

where A is the metal thermal conductivity, & is fin thickness, and N represents
the heating situation—for single-face heating, N = 1, and for double-face heat-

(4.24)

ing, N=2.
The real fin width is:
s—d
w= (4.26)
2
Effective width in Eq. (4.24) is:
W =2 (4.27)

Furnace

FIGURE 4.14 Schematic diagram of membrane wall.
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The reduced width of this equation is:
w=— (4.28)

According to experimental and operational data, the relationship of fin width
coefficient w and structure/size can be obtained as follows:

u=f, G) (4.29)

When 5: 1.3, = 0.97; when 5: 1.7, = 0.9.

In Eq. (4.21), p, is additional thermal resistance, which can be expressed
as follows:

Pas = Z (4.30)
where 0, is the refractory layer thickness of the heating surface and A, is the
thermal conductivity of the fire-resistance layer, which can be calculated using
the following equation:

Aa=ag+aT, (4.31)

where ay and a; are coefficients and 7, is the average temperature of the refrac-
tory layer, which can be calculated using the following equation:

T, =T, +T,)/2 (4.32)

where T, is the gas side temperature and 7, is the heating surface temperature,
as shown in Eq. (4.36).

In the heating surface structure (Fig. 4.14), the ratio of external surface area
and internal surface area of the heating surface is:

EZHE(“‘L(Z‘“‘SI _1j (4.33)
Ay /4 d—206,

where 6, is tube wall thickness, s is tube pitch, and § is fin thickness.

4.4.2 CFB Boiler Gas Side Heat Transfer Coefficient

The heat transfer from gas/material two-phase mixtures to the heating surface
includes convection and radiation. According to linear superposition of these
two types of heat transfer, the gas side heat transfer coefficient in the CFB
boiler is:

hy, = h. + hy (4.34)
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where £, is the radiative heat transfer coefficient and 7, is the convective heat
transfer coefficient.

In principle, i, and h, can be obtained through the methods introduced in
Sections 4.2 and 4.3. Here, we’ve introduced a simplified calculation method
for engineering practice.

1. Radiative heat transfer coefficient

Ty - T

4.35
T T, (4.35)

h, = EsysO

In this equation, ¢'is the Boltzmann constant, &y, is gas side system emis-
sivity, and Ty, is the water wall tube surface temperature, calculated as follows:

T, =T, +AT, (4.36)

where T}, is the working medium temperature in the heating tubes. The dif-
ference between the internal and external temperatures of the carbon steel
water wall tube is:

0.4
AT,, =0.7(T, —Tm)-N-[%J —

g

(4.37)

where Ty, is the gas side temperature, 7y, is the working medium temperature
in the heating tubes, N is a coefficient for the heating situation (either 1 or 2,

Aﬁn

as mentioned above), = P is the fin area ratio, and A, is the heat trans-

g
fer coefficient of the working medium side.

In a superheater and reheater made from steel alloy:
Agn 1000
A, hy

AT, =0.7(T, - T,,)-N - (4.38)

g

The system emissivity between the surface and gas side &, can be writ-
ten as follows:

1
sys — 1 1
T T (4.39)
& &y

£

where &, is gas-side emissivity and &, is heating surface emissivity (usually
0.5~0.8). It should be noted here that the definition of this equation is dif-
ferent from that of Eqgs. (4.17a) and (4.19a).

In gas-solid two-phases, gas side emissivity &, includes both particle
emissivity and gas emissivity, which are calculated similarly to Eq. (4.15):

& =&+ & — €&, (4.40)
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where &, is solid material emissivity and &, is gas emissivity. &, can be calcu-
lated using Eq. (4.16) (assume 3. = 0, &, = &), and &, can be calculated using
Egs. (2.63) and (2.64) for gas emissivity (see chapter: Emission and Absorp-
tion of Thermal Radiation). A further simplified method can be adopted for
calculation in practice.

. Convective heat transfer coefficient

The convective heat transfer coefficient, which includes gas convection and
particle convection, can be expressed as follows:

he = hye + hye (4.41)

where /g, is the gas convective heat transfer coefficient and /. is the particle
convective heat transfer coefficient. The gas convective heat transfer coef-
ficient is:

hge = Cye - @, (4.42)

where C, is the gas convection coefficient (around 4~5), and @, is gas
velocity. The particle convective heat transfer coefficient is:

1
h‘pc — Cpcwgz'hgc (443)

where @, is the gas velocity and hpoC is the theoretical particle convective heat
transfer coefficient in incipient fluidization, the value of which is related to
particle size, particle temperature, and heating surface configuration. C.
is the particle convection coefficient, which is related to the local material
concentration in the vicinity of the furnace water wall.

Material concentration near the furnace water wall can be calculated us-
ing empirical equations, or according to the characteristic material concen-
tration of the furnace.
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5.1 HEAT TRANSFER IN FURNACES [27,28]
5.1.1 Processes in the Furnace

A functioning furnace undergoes four interactive processes: flow, combustion,
heat, and mass transfer. Heat transfer is only one process in the furnace, for
which an exact solution cannot be obtained unless four groups of equations,
corresponding to the four processes, are solved simultaneously. Thus, due to
inherent complexity, strictly theoretical analysis is impossible.

1. Basic equations of heat transfer in flame
Fuels burn in the combustion chamber, releasing energy and forming the
flame. The basic steady-state energy equation of heat transfer from the flame
to the furnace walls is as follows:

Ve(pVe,T)=V+(T1VT)+Sq 5.1

where the left-hand side is the convection form of enthalpy (c,T), V is veloc-
ity, the first term on the right-hand side is the diffusion term, Iy is the diffu-
sion coefficient, and Sg, is the generalized source term. See the following:

Sq =0ch +Or (5.2)

(5.2) where Q. is the heat release rate of the chemical reaction and Qy is the
heat transfer rate of radiation.

The above is only an energy conservation equation—convection and dif-
fusion terms are usually calculated by the difference method. The equation
also differs from general transport equations due to the complex spatial inte-
gral term Qg, which is the primary difficulty of the solution.

As discussed in previous chapters, the calculation of Qg is a complex
spatial integral because Qy is determined by the geometry, thermodynamic
state, species distribution, and other factors throughout the entire space in
the chamber due to the noncontact mode of radiative heat transfer. An ana-
lytical solution is, by definition, impossible, so numerical methods are com-
monly utilized, among which the heat flux method, domain method, and
probability simulation method are most popular.

2. Mathematical model of heat transfer in the furnace
The heat flux method, domain method, and probability simulation method
are all numerical methods of calculating the heat transfer rate of radiation in
a furnace. The models these methods are based on are incomplete, however,
as they only describe the principles the temperature field must obey and
require information to be given such as flow field, heat source distribution,
and physical parameters.

As a matter of fact, Eq. (5.1) alone is insufficient for full mathematical
formulation of the interaction of flow, combustion, heat, and mass transfer
in the furnace. These interactive processes, collectively referred to as the
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“combustion process,” consist of turbulent flow and combustion, heat trans-
fer in the flame, and multiphase flow and combustion, all of which obey ba-
sic physical and chemical laws represented below as conservation equations.

Continuity equation: law of conservation of mass.

Momentum equation: Newton’s second law.

Energy equation: law of conservation of energy.

Chemical balance equation: law of conservation and transformation of
chemical species.

All these equations can be represented in a unified form as follows:

a—i(p@ﬂ (pu®+Jp) = S (5.3)

where @ represents physical flux, such as the constant, velocity, enthalpy, or
concentration corresponding separately to continuity, momentum, energy,
and reaction equations. u is velocity, Jg, is diffusion flux, Sg is a source term,
and, 7is time.

Once detailed expressions of J and Sq, are obtained, the governing equa-
tion of combustion can be represented as follows:

%(p¢)+v-(pu<l)): V- TeVP)+ S 5.4)

where the first term on the left-hand side is time-varying, the second convec-
tion term and the first on the right-hand side are diffusion terms, and Sg, is
the source term. Eq. (5.4) reduces to (5.1) taking ® as ¢, T.

Turbulent flow is popular in real-world engineering, but mathematical
formulation is not closed for time-averaging turbulent equations. Additional
equations are needed to this effect, resulting in different turbulent models
such as the k-€ model. Each model may provide solutions for distributions
of temperature, velocity, pressure, and chemical species concentration in the
furnace, fully describing the characteristics of heat and mass transfer and
chemical reactions. However, as mentioned above, the process of solving
these equations is so complex that numerical methods are used instead to
obtain an acceptable approximation. Simplified models based on data gath-
ered through engineering experience (empirical coefficients, in particular)
are usually adopted for technical applications.

5.1.2 Classification of Heat Transfer Calculation Methods

Essentially speaking, calculations for heat transfer are all semitheoretical ap-
proaches based on experience; certain parameters such as thermal conductivity,
thermal diffusivity, diffusion coefficient, viscosity coefficient, and emissivity are
all determined by measurement, during which an accurate relationship between
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these coefficients and temperature or pressure is mostly unavailable. Empirical
methods also attribute uncertainty to one or several factors, including the heat
transfer coefficient, thermal effective coefficient, and others. Calculation is always
based on some basic theories, of course (postulates, assumptions, laws, theorems,
etc.), making it a semiempirical or semitheoretical method of analysis. Furnace
heat transfer calculations are more empirical. The following section outlines a
handful of useful calculations for classification based on spatial dimensions.

There are zero-dimensional, one-dimensional, two-dimensional, and three-
dimensional models available for application to furnace heating calculation. In
a zero-dimensional model, all physical quantities within the furnace are uniform
and the results are averaged. This method is the one most often used for engi-
neering design, and is the standard method for thermal calculation in China.
One-dimensional models are used to study changes in the physical quantities
along the axis (height) of the furnace, where the physical quantity in the perpen-
dicular plane is uniform. This model has practical value for engineering projects
such as large-capacity boilers.

The two-dimensional model is mainly used for axisymmetric cylindrical
furnaces, such as vertical cyclone furnaces. The three-dimensional model de-
scribes the furnace process (flow, temperature, chemical species fields, and so
on), using three-dimensional coordinates (x, y, z). In principle, only a three-
dimensional model can correctly describe the furnace process — in reality, all the
equations used so far for describing the furnace process fail to obtain analytical
solutions, and only the numerical methods can reach approximate solutions.
Even for an approximate solution the amount of calculation is very large—slow
or small-capacity computers are not up to the task.

The experience method was previously most commonly applied to zero-
dimensional models due to a lack of adequate understanding of the furnace
process and related mechanisms. Currently, the semiempirical method is grow-
ing in popularity—this method is based on fundamental equations such as the
thermal balance equation and radiative heat transfer equation, as well as certain
coefficients or factors obtained through experimentation.

5.1.3 Furnace Heat Transfer Calculation Equation

Here, the furnace heat transfer calculation method is introduced using a zero-
dimensional model. This method is primarily based on the energy conservation
equation and the radiative heat transfer equation.

The thermal balance equation is as follows:

Q=B (I, —If )= B, VC(T, -T¢ ) (5.5)

where ¢ is the heat preservation coefficient (which accounts for the heat loss
due to the cooling effect of the furnace wall), B, is the design fuel (burnt fuel)

100 —
supply rate, B, = unc B, B is the fuel supply rate per boiler unit (obtained
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by the boiler heat balance), I,(T}) is the enthalpy of flue gas at theoretical com-
bustion temperature T,, I¢’(7¢’) is the enthalpy of flue gas at the temperature
of the exit of the furnace T, and VC is the mean overall heat capacity of the
combustion products between T, and Ty, expressed as follows:

S .
VC=22
T 1o (5.6)

Note that the values of the above-mentioned quantities, I,, T , vC , are cal-
culated in terms of per kg or per m? of fuel.

Next, let’s discuss the radiative heat transfer equation. As discussed in chap-
ter: Theoretical Foundation and Basic Properties of Thermal Radiation, Planck’s
law and its corollary (Stefan—Boltzmann law) form the basis for calculation of
radiation heat transfer. The basic formula for calculating radiation heat transfer
is the Stefan—Boltzmann law, which can be conducted in two different ways.

1. Direct calculation of radiation heat (the Hottel method) as follows:

Q=ocapA(T} - T}}) (5.7)
~ 1
ar T (1) [ ) ] (5.8)
— x| ——1
&y £,

2. According to the projected radiation heat transfer (the Gurvich method) as
follows:

Q=0ary AT, (5.9)
. 1
aF = ) (5.10)
1+1//[— lj
Sg

The above formulas are applicable to suspension-firing furnaces, as intro-
duced in chapter: Heat Transfer in Fluidized Beds. As long as ar (or dg), Ty, and
T,, (or ) are obtained, Q can be determined effectively. During calculation in
practice, Eq. (5.5) is typically used to calculate Q, but Ty, is usually determined
by solving Egs. (5.5-5.10) simultaneously.

5.1.4 Flame Temperature

First, let’s consider furnace temperature distribution—strictly speaking, it is a
function of time and space T = (x,y,z,T), where 7is time. Of course, this is only
a phenomenological description. Speaking to the mechanism, the temperature
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FIGURE 5.1 Furnace temperature distributions.

distribution in the furnace is affected by the furnace geometry, fuel characteris-
tics, burner structure, boiler load level, combustion condition, and other factors.

In Fig. 5.1, T, marks the adiabatic combustion temperature. Assuming that
the combustion is complete in a very short period of time, the heat transfer
process has not yet started and the combustion products are at their highest pos-
sible temperature. Curve T (along the direction of furnace height X) is the actual
temperature, the maximum of T is Ty,, the T of the furnace exit (X = 1) is T¢,
and the mean value of T along X €[0,1] is 7. Naturally, T, >T,, >T, >T, ¥,
where adiabatic combustion temperature 7,, average flame temperature 7T, and
furnace outlet temperature T¢ are all important factors during heat transfer
analysis and calculation.

Next, let’s discuss an empirical equation that describes furnace temperature
distribution. Furnace temperature distribution is a function of time and spatial
coordinates, but that does not mean there isn’t any other description similar to
the three-dimensional description. In general, furnace temperature distribution
is considered to be in a stable steady-state condition under steady working con-
ditions, that is, T = (x,y, 7). See the following simple empirical formula:

0% = 0X — o BX (5.11)

T . . . .
where 8 =— is the dimensionless temperature, & and 3 are the empirical fac-
a

tors, X = X is the dimensionless flame position, L is the total length of the flame
L
(ie, the furnace height), and x is the distance from the nozzle of the burner.

Let X =11in Eq. (5.11) so that the outlet temperature of the furnace is:

=

67 =(e* —eP) (5.12)

”

where 9”=TL.

a de
Calculate the highest flame temperature location X,,,, because X | x=x,, = 0:

_Ino-Inp

Xm
o-p

(@>0,5>0,a+p) (5.13)
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T,
Calculate average flame temperature (9g = ?g]:

1
6, = joedx (5.14)

This equation is not particularly convenient to calculate. According to the
above analysis, 0f, Og, and X, are all functions of « and B. The relationship
between 8¢ and 6, can be determined using Eqgs. (5.12-5.14) to simplify the
calculation. The typical form of Eq. (5.11) is:

T = mT 0T (5.11a)

where m and n are empirical coefficients. In Eq. (5.11), X is a coordinat-
ing variable, suggesting that heating surfaces are arranged around the flame,
the temperature field of the furnace cross section is of uniform distribution,
and only radial radiative heat transfer is considered. This hypothesis is actu-
ally in approximate form—the temperature field of the furnace has different
degrees of heterogeneity, and there are heating surfaces at both ends of the
flame, therefore, the above empirical equation and its inference can only be
applied to qualitative analysis. In other words, it is not appropriate to apply it
in quantitative engineering calculations (except when validated by industrial
tests).

Next, let’s take a look at an analytical solution for average flame tempera-
ture. Due to the complexity of the furnace process, the model for average flame
temperature must be simplified. The results can only be applied to approximate
qualitative analysis, but there is practical significance for this method itself—
roughly simplifying a complex process into its most valuable components is
very useful in engineering practice.

Assume that fuel combusts completely instantaneously at the burner exit and
reaches adiabatic combustion temperature 7, and that heat transfer only occurs
in the radial direction of the furnace axis; ignore heat transfer in the axial direc-
tion (one-dimensional model). Then, from thermal balance:

B, VCAT = capyT*dA (5.15)

where A is the furnace area and VC is mean overall heat capacity. Integrate
Eq. (5.15) to obtain:

(T _ oay 4,
T, T* B,VCYo

so that:

1 1

L L) oay, (5.16)
3\ 17 )T Bgve
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According to the basic equation of heat transfer in furnaces in Egs. (5.5)
and (5.9):

B VC(T, -T¢)=capyTHA (5.17)

which means:
T,-T¢ _oapyA (5.18)

T, B,VC
Substitute this equation into Eq. (5.16) and transform:
Ty =rT¢* (5.19)
where:
3

T ) o

Another method is also possible. Let maximum flame temperature be 7,,, and
at the point near burner elevation let A, /A = X,,, where A, is the area of furnace
surface below the maximum flame elevation, then:

_ 31-X,)
) ) o2

T, T, T,

When deducing the above equation, remember that 7, = 7, and Eq. (5.19)
is satisfied.

Calculating average flame temperature 7, is a key issue when analyzing fur-
nace heat transfer. Different calculation formulas for 7, are adopted for different
methods of calculating furnace heat transfer. All calculation formulas for 7, are
empirical equations, including some correction factors. Consider the two fol-
lowing examples.

1. Suppose that the gas temperature in the furnace is homogeneous, that is
T, =T¢, but can be corrected in practice:

T, =T¢ (1+ Y Ai) (5.22)

where Ai is a correction factor considering fuel type, combustion type, burn-
er tilt, water-cooling degree, and other necessary aspects.

2. Consider Tg a function of 7¢" and T,, where T, = f(T¢, T,). Add a correc-
tion factor for combustion conditions to yield the following Gurvich method
equation:

3
;)TF”“ (5.23)
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where M = A-BXjy is the correction for combustion conditions, Xy is the

H
relative height of the burner (Xg = H—B, Hy is burner height from furnace
F

bottom, Hr. is furnace height), and A and B are empirical coefficients deter-
mined by fuel type and combustion type.

5.2 HEAT TRANSFER CALCULATION
IN SUSPENSION-FIRING FURNACES [11]

Next, let’s calculate the heat transfer in a suspension-firing furnace. Keep in
mind several of the methods introduced above, including the theoretical founda-
tion of radiative heat transfer, heat radiation of absorbed scattering media, radia-
tive heat transfer of surfaces with transparent media, and radiative heat transfer
from isothermal media to surfaces. The same basic assumptions (uniform sur-
face temperature and isothermal medium) apply, though in practice, they are not
accurate; in a real-world furnace, surface temperature (including the water wall)
is not uniform—even the medium temperature in the furnace is nonuniform. The
following section examines the furnace process when the medium temperature
is considered to be nonuniform, with special focus on radiative heat transfer.
Heat transfer calculation equations and furnace emissivity were introduced
in chapter: Heat Transfer in Fluidized Beds. This chapter introduces average
flame temperature Ty, which allows us to obtain the rate of heat transfer. Here,
we integrate this content and provide information regarding the acquisition and
utilization of some useful empirical coefficients. The Gurvich method, which is
suitable for both suspension-firing and grate-firing furnaces, is introduced below.

5.2.1 Gurvich Method

According to the radiative heat transfer equation introduced in Section 5.1:
Q = dFCﬂI/ ATg4
The Polyak-Shorin [44] formula is:

Tg4 — mTa4(1—n)Tl:4n

where generally, m=1, and the thermal balance formula is:
0= (chaIVC( T, - TF”)

where ¢ is the heat preservation coefficient considering heat loss due to furnace
wall radiation and convection.
Then:

9}:”4"—3—?(1—9;):0 (5.24)

mag
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B.,VC . . .
where Bo = % is the Boltzmann number. From m=1, n varies according
a
to the combustion condition, so the above equation can be written as:

O = f(?,nj (5.25)
ar

”

T
where 6f= T—F According to Eq. (5.25), the following completely empirical
a
equation can be obtained from experimental data:

(@joﬁ
op=—"T~

0.6
B
M +(~0)
ag

where M is the flame center modification factor, which is dependent on flame
center relative position X,,. Eq. (5.26) can be transferred into the following:

(5.26)

. T,
Tf = 2 (5.27)

_ 06
M L//AQFT_‘E +1
@B VC

Furnace outlet gas enthalpy I¢ can be determined based on furnace outlet
gas temperature Ty, followed by heat transfer in the furnace Q = @B (Q, — It).
Eq. (5.27) can be used to calculate furnace outlet gas temperature.

5.2.2 Calculation Method Instructions [17,22,35,37,40,43,45]

First, calculate flame center modification factor M according to fuel type, com-
bustion type, burner position, and burner tilt. The following M values are impor-
tant (please also refer to Table D6.11):

M =0.54 — 0.2X,, for gas and heavy-oil-fired boilers.
M =0.59-0.5X,, for PC boilers buring bituminous coal and lignite (5.28)

M =0.56 — 0.5X,, for PC boilers burning anthracite, lean coal, and high-ash
bituminous coal.

M = 0.59 for grate-firing boilers with a thin coal layer (a wind-force coal
thrower boiler).

M = 0.52 for grate-firing boilers with a thick coal layer (grate boiler, stoker).
Flame center relative position X,, can be calculated by the following
equation:

Xn=Xp+AX (5.29)
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where Xg = Hg/Hf, Hy is burner height from the burner center to the furnace
hopper center or furnace bottom, and Hr. is furnace height from the furnace exit
center to the furnace hopper center or furnace bottom. For a pulverized coal
furnace, apply the following correction AX values:

AX =0.1 D<420 t/h(116 kg/s)
AX =0.05 D>420 t/h(116 kg/s)
AX = 0 Tangential fired boiler

When the combustor tilts upwards 20 degree, AX increases by 0.1. When
the combustor tilts downwards 20 degree, AX decreases by 0.1. When the tilt-
ing angle is between —20 degree~20 degree, AX can be calculated based on AX
linear interpolation.

Average flame temperature is not included in Eq. (5.26) (the Gurvich equa-
tion). Based on the radiative heat transfer equation, thermal balance equation,
and Eq. (5.26), however, the average flame temperature can be determined
through the Gurvich method. See the following:

MTETS
3 (T, 1 2 (5.30)
M*\ Tk
Do note that this equation is completely empirical.
Let’s examine the scope of application of the Gurvich method a bit. Under
the 1973 standard suggested by the former Soviet Union for boiler thermal cal-
culation, Eq. (5.26) can be applied when 6¢ <0.9. What was the foundation for

this scope?
From the thermal balance equation:

T4 =

qz"’B%l"é(Ta_T;) 5.31)
and radiative heat transfer equation:

q=0a Ty (5.32)
as well as Egs. (5.31) and (5.32):

4
Bo_ 1 Iy (5.33)
ap 1-6p T}

substitute this equation into Eq. (5.26):

5

”3 4
VE L (%) (5.34)
(1-67)3 a
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We know that T,<T, so:

o 1

<
5 < (5.35)
(1-67)s M

where when M = 0.3, 6 <0.95, when M = 0.44, 6¢ <0.9, and when M = 0.5,
6% <0.85. Generally, M is not less than 0.44, therefore 0z <0.9 is the scope of
the Gurvich equation.

The above analysis determined the application scope based on the rela-
tionship 7, <T,. In fact, T,<T,<T,, thus the actual application scope is a bit
narrower, usually 6 <0.7.

The heat transfer in large-capacity boilers should be calculated a little dif-
ferently. The Gurvich equation, Eq. (5.26), was obtained based on experimental
data from a boiler with output D <200~300 t/h. (The influence of temperature
uniformity in the furnace was ignored during data analysis and modeling.) The
output of a modern boiler, especially a large utility boiler, is far greater than
this value (with maximum capacity above 3000 t/h). When boiler volume is
large, Eq. (5.26) does not produce very accurate results—the calculated furnace
outlet gas temperature is then lower than the measured value (often lower than
100~130°C). The following is an equation for furnace heat transfer suitable for
a large boiler, with correction for an uneven temperature field:

0.6
” &vaTaz
Tg=T,|1-M| ———
¥ =T, (10800%] (5.36)

where the calculation methods of g, w, T,, and M are as introduced above.
Please note that thermal efficiency coefficient y is an average value. The heat
release rate per unit of radiative heating surface area gy, can be calculated by
the following equation:

_ By Orel
qn = Ar
where Oy, is the heat input by fuel of 1 kg:

_ Qar,net,p (1 00— Guc — qug - qph)
fuel 100 — Gue

+ Qair

Approximately:
quel = Qar,net,p

where the empirical value of gy for large-volume boilers is recommended. For
bituminous coal or lean coal, gy = 290~310 kW/m?; for low-grade lignite,
when boiler capacity is 180~275 kg/s (660~990 t/h), gy = 210~280 kW/m?;
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for heavy oil, g = 560~635 kW/m?. These data can be referred to easily during
boiler design.

. BQar,nel,p .
The furnace volume heat release rate is: gy = ———=, furnace cross-section
BOurnerp ¢ Bear
F H ~
where Vi is furnace volume, Ag is furnace cross section area, H is furnace heating
surface area, B is fuel consumption, and Q, is the furnace heat transfer rate.

A few additional instructions are necessary for furnace heat transfer calcula-
tion. There are two main goals when performing furnace heat transfer calcula-
tions: (1) determining the transfer rate and the heat distribution in each heating
surface of the boiler, and (2) solving and choosing the proper furnace outlet gas
temperature (prior to the slag screen) to prevent slagging and tube burst from
occurring in the convection heating surface downstream of the furnace exit.

F
heat release rate is g = , and furnace release rate is gy =

1. Design and verification calculation

Furnace heat transfer calculation is a part of the overall thermal calcula-
tion of the boiler. Boiler thermal calculation also includes design calculation
(where an original need is given to design a new boiler), and verification
calculation (where a finished design or an existing boiler’s ability to meet an
original requirement when fuel or load changes is verified).

Furnace heat transfer calculation is necessary for both design calculation
and verification calculation. For the furnace outlet gas temperature, gener-
ally Tr <Tpr is needed, Tpy is the deformation temperature of coal ash,

Ty < Tgr —100(K), and Ty is the softening temperature of coal ash.

2. Calculation of Vg and Ag v
While calculating furnace effective radiation layer thickness s=3.6A—F,

the Vi and Ap are needed. Vi is the enclosed volume in terms of the Watlé:r
wall center line or furnace wall when without a water wall. The horizontal
plane passing through the half-height of the furnace hopper acts as the bottom
boundary of Vj. for suspension-firing furnaces. Ar. is the area covering the vol-
ume of V. for grate-firing boilers the fire bed area is included in the total Ap.

5.2.3 Furnace Heat Transfer Calculation Examples

Case 5.1: for calculating heat transfer (a part of overall thermal calculation) of
a 410 t/h PC boiler, refer to Appendix C.

5.3 HEAT TRANSFER CALCULATION IN GRATE

FURNACES [12,13,19]

5.3.1 Heat Transfer Calculation in Grate Furnaces in China

The Gurvich method can be applied to suspension-firing furnaces and grate-
firing furnaces. In China, engineers use the modified version of the Gurvich
method to carry out furnace heat transfer calculation.
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Furnace heat transfer calculation involves the radiative heat transfer from
the flame or high-temperature combustion products around the furnace wall.
Assume that furnace surface (as indicated in Fig. 3.10, the water wall and the
furnace wall are called a “furnace surface”) temperature is T,,, emissivity is &,
and its area equals the effective radiative heating surface A, of the same side
of the furnace wall. The radiative heat transfer of the flame is transferred to
the water wall through the plane parallel to a water wall panel; this plane can
be considered the flame’s radiative plane, the temperature of which is equal
to average flame temperature T,,. The emissivity equals the radiative emissiv-
ity from the flame to the furnace surface ar. Then, the heat transfer between
the flame and furnace surface can be simplified into radiative heat transfer
between two parallel infinite planes. According to the heat transfer principle,
radiative heat transfer between the flame and furnace surface can be expressed
as follows:

Q=apCA, (Tg4 —T;J) (5.37)
or:
g=apo (T, ~Ty) (5.37a)

where ar is system emissivity for parallel planes, expressed as:

1
ap =—1— (5.38)

— 1
£, &y

The thermal balance equation can also be obtained from the gas side:

0= @B (el — IF) (5.39)

where ¢ is the heat preservation coefficient, B, is the design fuel supply rate,
If is gas enthalpy at the furnace exit, and Qy, is the heat carried per kg of fuel
and corresponding air, expressed as follows:

Ofel = Qar,net,p + Iph +0 (5.40)

where I, is the fuel’s sensible heat and the sensible heat carried by the air when
heated by an external air heater.

The heat available to furnace Q, can be calculated using the following
equation:

Yug + gy + qph

O = Ofel (1 -
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where Q’ is the air heat from an external air heater and Q,;, is the heat carried
by the air corresponding to each kg of fuel, which can be calculated as follows:

Qair = (OCE - AO{F )I}?a + AOCF Iga (5.42)
When the boiler is not equipped with an air preheater:
Quir = 013, (5.43)

where of is the excess air coefficient at the furnace exit, Aay is the furnace air
leakage coefficient, I2)is the enthalpy of the theoretical amount of air at the exit
of an air preheater, and 1 is the enthalpy of the theoretical amount of air at the
entrance of an air preheater.

Note that, the same as I,, If, VC, the values of 0., Onet> Quir» O, 18, , I, are
all calculated in terms of per kg or per m? of fuel.

The temperature that fuel burns at under adiabatic conditions is the theoreti-
cal combustion temperature, denoted by 7, the value of which can be looked
up on the gas enthalpy-temperature table according to the heat available to the
furnace Q.. Eq. (5.39) can then be rewritten as follows:

0=¢B,VC(T,-T{) (5.44)

where VC is the mean overall heat capacity of the combustion products per 1 kg
of fuel, V is the generated gas volume per 1 kg of fuel, and C is the average
specific heat capacity of combustion products at constant pressure with unit
kJ/(m3-°C).

From Egs. (5.4) and (5.8) we obtain:

VEZquel_II,],; :que]_flg (545)
Ta _TF ea _GF

where T¢¥ (K) and §” (°C) are the furnace outlet gas temperature. Therefore, the
basic equation for furnace heat balance can be determined based on Eqgs. (5.37)
and (5.44):

apCA, (Tg4 T3 ) =B, VC (T, -If) (5.46)

where there are three unknown numbers Ty, Ty and ag, which can be determined
through experimentation.

In actuality, flame temperature in the furnace varies along the furnace height.
Different researchers have proposed many different calculation methods for av-
erage flame temperature. The following equation is recommended for industrial
boiler thermal calculation in China:

T, =T¢" T (5.47)
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Supposing that the ratio of flame temperature and theoretical combustion
temperature is nondimensional, denoted by 6:

R (5.48)
g Ta

then:
0, = o (5.49)

where index n reflects the influence of the combustion condition on the tempera-
ture field in the furnace. According to experimental data, for a spreader stoker
boiler, n is 0.6; for other grate-firing boilers, n is 0.7. Eq. (5.49) is suitable for
calculating burn-out chambers and cooling chambers, as well, but index n in
these cases is 0.5.

Furnace surface temperature T;, denotes the surface temperature of the water
wall tube external ash layer, and is expressed as follows:

T, =pg+T, (5.50)

where p is the ash deposition coefficient (ie, the thermal resistance of the exter-
nal deposition layer), which is determined according to combustion characteris-
tics and the combustion condition in the furnace. Usually pis 2.6 m>-K/kW. T, is
the metal wall temperature of the water wall tube (with unit K), which is usually
the water saturation temperature at working pressure.

See Eq. (5.37a) for heat flow per area:

4 _ 4
q+apoTy = apoT,

where:
oTy
9= (5.51)
i + g T‘é
ar  q
Set:
m=274 =% (pg+T,)* (5.52)
q q
then:
oTy
q= (5.53)
—+m
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From the following thermal balance equation:

g= (chalV(_:(Ta - TIS,)

5.54
A, (5.54)
the furnace heat transfer basic formula can be obtained:
ol _ @B, VC(T,-T¢)
- A (5.55)
_ + m T
ag
then:
] 94 n4n
Bo| —+m |=—%—= O ~ (5.56)
ag 1 - 01:: 1 - 01:

where Bo is the Boltzmann number:

Bo = (chal vC

CAT}

Coefficient m is used to consider the influence of the water wall deposition
layer temperature 7T, on furnace heat transfer. For a grate-firing furnace, when
the furnace release rate is 50~ 120 kW/m?, m can be approximately regarded as
a constant to simplify calculation under certain working pressures. The value
of m has been tabulated and can be obtained from table or nomograph in the
book “General Methods of Calculation and Design for Industrial Boiler.” The

relationship between @f and Bo ier as calculated through Eq. (5.56) is
ag
shown in Tables 5.1 and 5.2.
Real-world heat transfer calculation in furnaces is very complicated. The

grate-firing furnace thermal calculation standard in China uses the following

equation:
| P
6r = k{Bo[—+ mﬂ
ap (5.57)

where coefficients k and p are shown in Table 5.2. The function of 6f is shown
in Fig. 5.2.
The basic steps for calculation using the above method are as follows.

1. Calculate theoretical combustion temperature 7.
2. Assuming furnace outlet gas temperature T¥', calculate mean overall heat
capacity of the combustion products VC and gas (flame) emissivity &,.
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TABLE 5.1 Relationship of Bo(l+mj and 6f
ar

of 0.6 062 064 066 068 070 0.72 0.74 0.76 0.78 0.80
n=0.6 0.734 0.836 0.952 1.085 1.238 1.416 1.623 1.867 2.156 2.504 2.927
Spreader

stoker

boiler

n=0.7 0.598 0.690 0.796 0.912 1.061 1.228 1.424 1.655 1.932 2.267 2.677
Other
grate-
firing
boiler

TABLE 5.2 Values of k and p

Bo(l+mJ
n ar k P
0.6 0.6-1.4 0.6465 0.2345
Spreader stoker boiler 1.4-3.0 0.6383 0.1840
0.7 0.6-1.4 0.6711 0.2144
Other grate-firing boiler 1.4-3.0 0.6755 0.1714
3.0
e /
2.6 | ,/ /
24 /

7=0.6

58 /
2.0
1.8

/(n=0.7

1.6

1.4

1.2 /

e
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o

FIGURE 5.2 Function of 6f.
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w

. Calculate furnace system emissivity ap.

. Calculate Boltzmann number Bo.

5. Choose coefficient m and calculate furnace outlet gas temperature T¢ ac-
cordingly. If the difference between the calculated and preassumed ¢ is
larger than 100 K, reiterate the calculation with the average of the previously
assumed and calculated T¥ as the newly assumed T¥ (allowable error can
be taken to be smaller than 100 K when using a computer).

6. Calculate heat transfer g(Q).

=

Here, we would like to emphasize the calculation of af [see Eq. (3.46)]:

Y 1

7 1
I
e, M

M=¢g,+r(l-¢;)

where &, is the emissivity of the water wall (usually 0.8), &, is flame emissivity,
x is the water-cooling ratio (x = A¢/A), and r = R/A (where R is the grate area and
A is the total furnace area except for the grate). The above equation can remove
the intermediate variable M. See the following:

1
L, T=g)I-n) (5.58)

Ey I-(1-¢g,)(1-r)

ag =

5.3.2 Heat Transfer Calculation in Grate-Firing Furnaces

The following are known parameters of a grate-firing boiler with a dou-
ble-drum (Type SHL10-13/350): output 10 t/h, steam pressure 1.3 MPaG,
steam temperature 350°C, f,, = 150°C; ¢, = 30°C. The system burns lean
coal, Oyrnerp = 18158 kl/kg, [Al,, = 33.12[%], ag, = 0.2. Total furnace area
A =80.95 m? grate area R = 11.78 m?, enclosed area Ap=92.73 m?, furnace
volume Vi = 40.47 m?, the radiation heating surface of front wall L, = 4.86 m
(not including fire-resistant material), L, = 3.54 m (fire-resistant coating),
the number of water wall tubes n = 16, tube spacing s/d = 170/51 = 3.33, and
eld =25.5/51=0.5.

X, =0.59
H,=(16-1)x0.17x4.86x 0.59 = 7.31(m?)
Ay =(16-1)x0.17x3.54=9.03(m?)
H,=03x A, =2.71(m?)

Hipoe = Hy + Hy =10.02(m?)
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TABLE 5.3 Enthalpy-Temperature Table (« = 1.5)

6/°C 900 1000 1500 1600
lo/(k)/kg) 10551.5 11848.9 18536.6 19906.7

The effective radiation heating surface (not including the front wall) is 27.95 m>.

H, =10.02+27.95=37.97(m?)
x=H, /(Ag — R)=37.97/80.85 = 0.469
5=3.6Vp/Ap = 3.6 X 40.47/92.73=1.57(m)
r=RIA=11.78/80.95=0.146

From auxiliary calculation (not given herein):

B =0.633(kg/s)

Setque = 1%, gy =15%, Graq =1.58%, gy, = 0.82%, n="T73%
ag =1.5; Aa; =0.1

V0 (Standard stadus) = 5.025 (m? /kg)
lir,o = 0.0394; 1, =0.1.13

19 =V°(CO),, =5.025x39.54 =198.7(kl/kg)
12 =Vv°(CO).,5.025x198.55=997.71(kJ/kg)

The enthalpy-temperature table related to the above conditions is shown in

Table 5.3. Vgoos Vind, and V3 are first calculated prior to making the enthalpy-
temperature table. Ig can be determined based on these known variables and
their respective C6. I can be obtained from 10 = V°(C@),. When [A],, and ay, are
given, by I, =(C0),, [A], /100ay, , Iy, can be determined. The enthalpy of gas
at different temperatures and « are: I, =19 + (ot —1)17 +I,.

See the following stepwise process for thermal calculation in grate-firing

furnaces:

1. By =B(1-¢,/100)=0.538(kg/s)

2. 0=1-qua/(N+gra)=0.979

3. Q.=(af —Aa)) I}, +Aa1d, =1416.7 (kJ/kg)

4. @, = Buneto (10100; ‘iZ_ ) +0, =19185.9(kJ/kg)
5. 6, =1547.4°C (refer to the above H-T table from Q,)

6. Suppose 6 =960°C, Ty =1233K

7. It =11329.9(kJ/kg) (fromthe H-Ttable)
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~ Q,—If 19185.9-11329.9

8. VC= =13.36(kJ/kg°C)
T,-T¢  1820.6—1233
9. 1 erzo +VC02 =0.1707
10. Pn = 1,p=0.01707 x10%(Pa) (p=0.1x10°Pa)
1.k, =| 278+ 1000 4 (1—0.37 Ir )xlo-S
P, 1000
s
R
_| _078+16x00394 . (]_0‘371233)“05
\/0.01707 x10° 1000
L T X157
9.81x10°
=8.227x107((m - Pa)™!)
12. K, =k,p, =8.227x107° x0.01707 x 10° = 0.1404(m ™)
13. G, =1-[A] _/100+1.306x arV*
=1-33.12/100+1.306 x1.5% 5.025
=10.51(kg/kg)
[A], an  33.12%0.2
14. Ug = = =0.0063(kg/k
M =006, — 100x10.51 (keke)
4300p, X107° 4 1.30x107
15. ki = Pe 7 = 300x1.30 XZ/? =6.60x107[(1/m.Pa)™"]
(1242 (1233 x 20)2"
16. Ky, = kgt = 6.60x1075 x0.0063%10° =0.0416(m™")
17. K=K, + K;, +x,x,p = 0.1404+0.0416 + 10~ x 0.03x 0.1x 10° = 0.212(m™")

18.

19.

20.

21.

(lean coal x; =107, grate-firing x, = 0.03)

eg =1 _est =1- e—O.212><1.57 =0.283
&, =0.8(as artificially selected according to experience)
= ! = ! =0.502
“=T (I-g)d-r) 1 (1-0.283)(1-0.146) —
4y —+0.469
Ey 1-(1-g,)(1-r) 08 1-(1-0.283)(1-0.146)
By = @B, VC 0.979x0.538 x13.36 0542

OH.T? 5.67x1073 x37.97x1820.43
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22. m = 0.15 (working pressure = 1.3 MPaG)

23.n=0.7
Then 8¢ can be obtained by substituting the variables above into the equa-
tion 6f

= k[ B, (I/ay +m)]? = 0.6711[0.542(1/0.504 +0.150)]°2!14+
=0.6711x1.1567°21% =0.692

24. TY =64 T, = 0.692 x 1820.4 = 1260K

F=Tg¢—273=987 °C (the error with supposed g =960 °C is accept-
able, reiteration is not needed)
25. It =11680.2(kJ/kg) (looked up from the enthalpy-temperature table)

26. 0, = (0, — I£)=0.979(19185.9 — 11680.2) = 7348.1(kJ/kg)
0 = B.,0, =0.538 x 7348.1 = 3953(kW)

27. The furnace release rate is:

g=0/H, =3953%10%/37.97 =104.1x 103 (W/m?)

5.4 HEAT TRANSFER CALCULATION IN FLUIDIZED
BED FURNACES [16,19,32,33,38,39,41]

5.4.1 Heat Transfer Calculation in Bubbling Fluidized
Bed (BFB) Furnaces

The BFB boiler is the first-generation fluidized bed (FB) boiler. The furnace
includes a dense-phase zone (also referred to as the bubbling bed) and suspen-
sion zone. The BFB boiler is typically used as an industrial boiler with 4~35 t/h
capacity. Its structural characteristics involve heating surfaces with immersed
tubes in the dense-phase zone (Fig. 5.3). Heat transfer calculation for this type

i Overflow port !Overﬂow port
Boiling layer top
k Boiling layer top Steam conduit
Steam conduit

Burict‘ pipe

Downcomer

Air distributor Air distributor

(a) (b)

FIGURE 5.3 BFB bed dense-phase zone with immersed tubes. (a) Vertical buried pipe.
(b) Transverse buried pipe.
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of furnace therefore must include the heat transfer from the bed material to the
immersed tubes, and is conducted in two parts: fluidized zone calculation, and
suspension zone calculation.

Heat transfer calculation in the bubbling bed examines the heat transferred
from the fluidized material to the immersed tubes. Design calculation and veri-
fication calculation can be applied to this area differently according to different
aims. Design calculation is performed according to coal information and boiler
parameters to determine fluidization velocity, bed material height (usually the
height of the overflow port), and the air distributor area. The immersed tube
area is calculated according to the chosen bed material temperature, then the
immersed tubes are arranged accordingly. Verification calculation is performed
according to an already existing immersed heating surface area and its physi-
cal design, as well as coal information and boiler parameters, to calculate bed
material temperature.

The equations applied to the burn-out chamber of a grate-firing boiler can
also be applied to heat transfer calculation in the suspension zone; the suspen-
sion system emissivity can also be calculated according to the system emissivity
of a grate-firing furnace. The heat transfer calculation for a BFB boiler back-end
heating surface also adopts that of a grate-firing furnace.

The BFB boiler is an outdated product that is rarely used in the current in-
dustry. Most commonly used are CFB boilers, so they are the focus of this book.
Interested readers can refer to the former National Mechanical Industry Minis-
try Standard, “Thermal Calculation Method of Grate Combustion and Fluidize
Bed Combustion” (JB/DQ 1060-82).

5.4.2 CFB Furnace Structure and Characteristics

The bed material circulation in a CFB furnace as it transfers heat involves ener-
gy balance, material balance, and loop pressure balance. Calculating heat trans-
fer in a CFB, to this effect, is far more complex than calculating the same in a
grate-firing furnace, BFB, or suspension-firing furnace, in which the material in
the gas passes through the furnace only once. Because CFB technology is now
developing, there is as yet no commonly accepted CFB furnace heat transfer
calculation method.

Besides the basic principles and calculation methods of two-phase flow heat
transfer introduced in chapter: Heat Transfer in Fluidized Beds , this section in-
troduces a few basic processes and their relationships to heat transfer in CFB fur-
naces. In principle, the contents of this book can be combined with experimental
and industrial data for any specific CFB boiler to calculate the heat transfer in
CFB furnaces. There will be no detailed calculation method introduced here.

In a CFB boiler, the furnace not only undergoes chemical reaction (combus-
tion and desulfurization), but also the heat exchanging of the gas-solid material
with the working medium, as well as the gas-solid circulating in a closed loop.
The following are the basic characteristics of a CFB furnace.
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1. Combustion temperature
The operation temperature of a typical CFB furnace is about 850°C, and the
combustion temperature is maintained at 800~900°C.

2. Furnace cross section heat release rate
The furnace cross section heat release rate is heat produced from the fur-
nace unit’s cross sectional area, which is a very important parameter in CFB
boiler design. The furnace cross section heat release rate is the function of
the rate of air flow through the furnace. Generally, for fossil fuels, furnace
cross section heat release rate Qr has the following approximate relation
with superficial gas velocity U:

33U,

- (5.59)
OF

Or

where U, is the furnace sectional superficial gas velocity at 300 K in m/s, o
is the excess air coefficient at the furnace exit, and QF is in MW/m? units.
The sectional superficial gas velocity is limited somewhat concerning its
ability to maintain fast fluidization in the furnace. The excess air coefficient
at the furnace exit of a typical CFB boiler is 1.2, and the sectional superficial
gas velocity is 5~6 m/s at 850°C, so the furnace cross section heat release
rate is 3.6~4.4 MW/m?.

The furnace cross-section heat release rate is not often used during CFB
boiler design, because furnace height and cross section area are opposing
factors that must be balanced. CFB boiler designers must also consider other
factors.

3. Fuel

For design and operation of any boiler, including a CFB boiler, the influ-
ence of fuel is crucial. The heating value, proximate analysis, and ultimate
analysis data should be known during the preliminary design stage. The fuel
heating value and boiler output and efficiency determine the input of the
fuel. Proximate analysis of fuel affects the design of the cyclone separa-
tor and back-end surfaces, and determines air distribution to some extent.
Better fuel reaction characteristics can improve combustion efficiency. Fuel
particles that are large or hard to crush reduce combustion efficiency.

In a boiler without a desulfurizer such as limestone powder, the bed mate-
rial’s average particle size is greatly affected by the fuel ash properties. The
average particle size of the bed material determines the flow dynamic and heat
transfer characteristics in the furnace. Further details regarding the influence
of fuel properties on CFB boiler design and operation are listed in Table 5.4.

4. Thermal balance
Fuel combusts in the furnace of a CFB boiler. Part of the heat from combus-
tion is taken to the back-end heating surface by high-temperature gas, but
because not all of the heat can be absorbed by the back-end heating surface,
extra heating surface must be arranged within the solid circulating loop
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TABLE 5.4 Influence of Coal Properties on CFB Boiler Design
and Performance

Coal properties
Fragility

Reactivity

Ratio of intrin-
sic ash and
extraneous ash

Ash chemical
reactivity

Moisture

Heating value
and sulfur
content

Influenced design parameters
Separator staged efficiency

Airflow distribution

Ash discharge, ash distribution,
and heating surface design

Ash discharge, back-end flue
flow area, and heating surface

design

Absorbed heat, physical design
of separator, and downstream
equipment

Physical size and desulfurizer
handling unit

Performance specific to the
coal properties

Boiler efficiency and entrain-
ment of carbon particles

Boiler efficiency, entrainment
of carbon particles, and CO
emission

Ash entrainment, emission
in bed, and duty of fly ash
separator

Bed agglomeration, slagging

Thermal efficiency and excess
air coefficient

Capacity, thermal efficiency,
pollutant emission, and slag
discharge equipment
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system. Arrangements of the heating surface determine the heat distribution
in the CFB boiler.

Let’s examine the heat distribution in a specific type of CFB boiler [33]
according to the arrangement of its heating surfaces. Fig. 5.4 shows the heat
distribution of a CFB boiler designed with Lurgi technology. As shown in
Fig. 5.4, evaporator heating surfaces in the combustion chamber absorb heat
at 48 MW, the fluidized bed heat exchanger absorbs heat at 88 MW, and the
back-end heating surface absorbs heat at 73 MW. The only cooling medium
in the fluidized bed dense-phase zone is cold recycled bed material of about
400°C, for which about 90 MW heat is needed to heat it to 850°C.

Fig. 5.4 shows the heat distribution of the heating surface in a CFB boiler.
Thermal balance of boilers can be calculated according to standard boiler
thermal calculation methods, but for a CFB boiler that has desulfurization,
the thermal effects of desulfurizer calcination and desulfurization reaction
must be considered.

. Mass balance

Solid material must be kept in balance during CFB boiler operation. Solid
material sent into the CFB boiler is mainly fuel and desulfurizer (with added
bed material for some furnaces). The combustible elements of C, H, O, N,
and S and all moisture transform into gas. The remaining solid material
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102MW Flue gas
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FIGURE 5.4 Heat distribution in a Lurgi CFB boiler.

(mainly ash and some unburned carbon) should be discharged through
proper equipment and at a corresponding position to maintain the material
balance in the furnace. The CFB boiler has two ash outlets positioned at the
back-end pass and at the furnace bottom, respectively. Generally, a loop seal
(or external fluidized bed heat exchanger) also discharges a portion of the
ash; in addition, at a reversal chamber below the convection shaft some of
the ash possibly leaves the system as well.

Previous researchers have provided an example of mass balance [33].
Fig. 5.5 shows the ash flow of a 95.8 MW CFB boiler in a German power

CFB combustion chamber I
]
X
X
Wi
Xﬂjf] X
Coal ash /_—l_ ‘ ‘H ) N
amount into f [ Electrostatic precipitator
furnace /h[ -
. 10.2th [ ———
amount = [ DD S 12584
L8Vh ¢+ Coldashbed  1Cold ash bed
02vh |_ ;
Ash o - U .
ejector "1 | _ ___ e~ 3 1.5th
B 1.4t/h
i ’ 6.4t/h
Ash discharge8t'h
—-— Fly ash
Ash discharge -~-~-- Bed ash

FIGURE 5.5 Schematic diagram of ash balance.
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station. The ash balance data in the case of 100% load is shown in Fig. 5.5.
There are four ash exits in the system: the furnace, external fluidized bed heat
exchanger, convection shaft, and electrostatic precipitator.

The amount of ash and slag discharged from the system can be determined
according to the material balance described above. The amount of circulated
material is another very critical parameter in the CFB boiler concerning the
design of the separator and loop seal, and should be examined in detail during
material balance calculations.

5.4.3 Heat Transfer Calculation in CFB Furnaces

The heat transfer calculation methods and equations for CFB boiler furnaces
were introduced in chapter: Heat Transfer in Fluidized Beds. Let’s review the
process step-by-step.

1. According to fuel and the requirements of boiler performance, calculate the
air requirement, combustion products, the gas enthalpy-temperature table,
and thermal balance to establish the necessary foundation data for thermal
calculation in the furnace. This step is largely in accordance with other types
of furnaces. The major difference lies in the mass and heat balance caused
by material circulation.

2. Calculate the furnace structural dimensions, including all heating surfaces in
the furnace.

3. Determine the furnace outlet gas temperature and conduct the heat transfer
calculation. Heat transfer in a CFB boiler furnace is:

100 - qug ~quc — qph
+ Quir + 1o — I¥
100 — Guc Qalr cc F) (560)

0 =0B.y (Qar.net.p

where Q,;; is air enthalpy per kg of fuel:
Quir = (0F — Aatg)- ID, + Aaig: - 18, (5.61)

where I is heat brought back by air from the loop seal and ash cooler, and
IF is gas enthalpy at the furnace exit.

The lower part of a fluidized bed furnace is generally a dense-phase zone
with refractory materials, the middle part is covered with a bare tube water
wall, and in the upper part is a suspended heating surface (such as a platen
superheater, platen reheater, evaporator panel, or even an economizer). Cal-
culation should be divided into three parts at low loads of the boiler: sup-
pose the outlet gas temperature at each zone, set the combustion fraction at
each zone, calculate using trial and error, and verify whether the supposed
gas temperature at each zone is within the allowable error using the thermal
balance method.

At normal 100% load, due to the influence of the high internal and ex-
ternal bed material circulating ratio, the temperature profile of the whole



158 Theory and Calculation of Heat Transfer in Furnaces

furnace is almost uniform. At low loads, however, the material circulating
rate in the furnace decreases so greatly that the CFB operates like a BFB,
thus the dense-zone temperature is much higher than the temperature at the
furnace exit. At this time, to obtain the bed temperature, zone calculations
are needed and the heat transfer calculation in the dense-phase zone has to
be performed separately.

4. Verify the thermal balance for all heating surfaces in the furnace. If the cal-
culated absorbed heat through the heat transfer equation differs considerably
(by over 5%) from that obtained through heat balance, start over.

Next, let’s discuss heat transfer calculation in a CFB boiler furnace, spe-
cifically. As opposed to the BFB boiler, the transition from the dense-phase
zone to the dilute-phase zone is not clearly found in the CFB boiler, so their
definitions vary. Generally, the bed height at static state is in the range of
0.5~0.8 m, and the bed height at fluidized bed state is 2~2.8 times that of
the static state. Thus, the bed height at the fluidized bed is between 1.0 and
2.24 m. This value varies considerably according to the state of fluidization,
so it is best to suggest the elevation of secondary air as a definition boundary.
The dense-phase zone is from the air distributor to the lower secondary air,
the transitional zone is from the lower secondary air to the upper secondary
air, and the dilute-phase zone is from the upper secondary air to the furnace
exit.

Because there are no immersed tubes in the dense-phase zone and the water
wall has fire/wear-resistant covers, the absorbed heat of the water wall in this
zone is very low and the heat carried out by the material is high. The calculation
of this area is fairly simple, mainly due to the thermal resistance of the fire-
resistant layer. The material concentration in this area is very high. In addition,
the concentrations of material leaving the dense zone from its upper part and
falling into the dense zone along the wall are all high.

Calculating the fly ash concentration at the dense-phase zone outlet is a trial
and error calculation, that is, the dense-phase outlet gas temperature must be
known in order to calculate the heat transfer process. For this reason, the follow-
ing parameters are required to be assumed beforehand: the combustion fraction
at dense-phase zone 8, the ratio of the amount of falling material to rising mate-
rial, and the temperatures of the rising and falling material, which are calculated
as follows.

The heat input into the dense-phase zone is Qg

100 - (’Iug —Guc — qph
100 — gy

de = (PBcal5|:Qar,net,p + Qair - Is - I(,l,b - ( z;;h - Iz;sh ):| (562)

where 6 is the combustion fraction at the dense-phase zone; generally, for bitu-
minous coal, § = 0.5 and for lean coal, 6 = 0.45~0.47. ¢ is the heat preservation
coefficient (0.995) and B, is the design fuel supply rate.



Heat Transfer Calculation in Furnaces Chapter | 5 159

The heat loss of the boiler should be determined according to the industrial
operation data for specific coal and furnace types — if there are no such data
available, they can be considered, qus =0.5%; qu. =3%; gpn =0.3% , where
Q.- 1s the heat carried by hot air, ; is the thermal enthalpy carried by hot slag,
I, is the known gas enthalpy at the dense-phase zone outlet, I, is inlet mate-
rial enthalpy, and Iy, is outlet material enthalpy.

Heat transferred to the water wall heating surface at dense-phase zone Q is:

Q= hg, - Agy - A1 (5.63)

where hg, is the heat transfer coefficient in the dense-phase zone, which can
be considered Ay, = 250 W/(m-°C) if it cannot be calculated accurately. Ay, is
the heating surface area of the dense-phase zone with fire-resistant and wear-
resistant material layers, and At is the temperature difference between the gas
and working medium at the dense-phase zone (in °C).

The heat enthalpy carried by hot slag is:

=0T V- (5.64)
where « is slag fraction, T is slag temperature, V; is the slag amount per kg of

fuel (in kg/kg), and c, is the specific heat capacity of the slag.
Transform Eq. (5.62) into the following:

100—qug ~ Yuc ~ 9ph ”
o ¢Bcal5(Qar,net’p 100, +Qir — I — 1, |- 0 (5.65)
Iash_Iash= (pB 5
cal

The left-hand side of Eq. (5.65) is the difference between the outlet enthalpy
and inlet enthalpy of the material, which can be calculated as follows:

I;;h _Iz;sh = Vup ¢ Ty = Vaown ¢ Ty (566)

where V,, and Vj,,, are rising and falling material mass, respectively, ¢ is mate-
rial specific heat capacity, and 7} and T are rising and falling material tempera-
ture, respectively.

Defining m as the ratio of falling ash amount Vj,, and rising ash amount

. V own .
Vips that is, m = d—, then Eq. (5.66) can be rewritten as follows:
up
IE,l,Sh _Iélsh :Vup o T _Vup com-T, :Vup (i —mTy)  (5.67)

Substituting Eq. (5.67) into Eq. (5.65) yields:

loo_qu ~quc — Y9ph ”
(chal5 Qar,nel,p £ P + Qair -1 db | T Ql
- 100 — gy

v @By -8 - (T, —mTy)

(5.68)
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According to experimental research, the ratio of falling ash and rising ash
can be considered 0.97.
The ash carryover ratio is:

v,
= (5.69)

So ash concentration can be calculated as follows:
Cash = agy - PTF (5.70)

where prr is the gas density at furnace temperature.

According to the above calculation, the material transfers most of the heat
from fuel combustion at the dense-phase zone to the dilute-phase zone. In ad-
dition, the calculated ash enthalpy (I, — I,) is quite accurate. The main pa-
rameter that influences this enthalpy is the mass difference and temperature
difference of the rising and falling material, as well as the fly ash amount Vj,.
If the exact amount and temperature difference of the rising and falling mate-
rial can be accurately determined, ash concentration C,g, can be calculated
effectively.

The above is a verification calculation—the given gas temperature at
dense-phase outlet 7 is identified to calculate the material mass concentra-
tion Cyq,. The known material mass concentration C,g, and other parameters
can also be utilized to calculate the gas temperature at the dense-phase zone
outlet.

5.5 HEAT TRANSFER CALCULATION IN BACK-END
HEATING SURFACES

Heat transfer calculation in boiler furnaces was discussed systematically above.
Calculating heat transfer in the back-end heating surface (convection heating
surface) is also necessary. A “convection heating surface” is the heating surface
positioned in the boiler gas pass directly heated by flowing gas, and “convective
heat transfer” occurs between the boiler bundles or gas tubes, such as a super-
heater, economizer, and air preheater. These heating surfaces may be quite dis-
parate in structure, arrangement, working medium, and gas properties, but their
heat transfer process is similar, so heat transfer calculation can be conducted
using the same method for all surfaces.

The primary goal of convective heat transfer calculation is either to deter-
mine the needed heating surface when the heat transfer rate is known, or to de-
termine the rate of heat transfer when the heating surface is known. The heating
surface is usually tentatively planned prior to actual calculation. The difference
between the heat calculated by heat transfer equations and that calculated by
thermal balance equations should not exceed +2%.
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5.5.1 Basic Heat Transfer Equations

The transferred heat of convection heating surface Q is in direct proportion to
heating surface area A and the temperature difference between cold and hot fluid
At, the heat transfer equation of which is:

0=KAA (5.71)

Proportionality coefficient K is the heat transfer coefficient, which can re-
flect the intensity of the heat transfer process, or the heat transfer per square
meter of heating surface when the temperature difference is 1°C. The larger the
heat transfer coefficient, the stronger the heat transfer process.

Per kg of fuel, the heat transfer equation is:

_ KAA

0
¢ Bcal

(5.71a)

where Q. denotes the heat from the gas to the working medium per kg of fuel
for the calculated convection heating surface.
The heat transfer of the unit’s heating surface area is:

g= % = KAt (5.72)

which is called “heating surface thermal load” or “heat flux.”

When gas flows across the heating surface outside the tubes, the heating
surface area is the superficial area of outside tubes on the gas side; when gas
flows inside the tubes, the heating surface area is calculated according to the
inner diameter of the tubes. The heating surface area of the tubular air preheater
is calculated according to the average surface area of the gas side and air side.

In the thermal balance equation, the heat released by the gas equals the heat
absorbed by water, steam, or air.

Heat from the gas to the working medium is:

0. = (p([é — I+ A(xlgr) (5.73)

where ¢ is the heat preservation coefficient, I and I are gas enthalpy at the
inlet and outlet of the heating surface, A« is an air leakage coefficient (deter-
mined in the light of empirical data), and 2, is air enthalpy, for an air preheater.
I2 should be evaluated according to average air temperature; for other heating
surfaces, it should be calculated according to the ambient air temperature.
Working medium absorbed heat can be calculated using the following

equation:

D
Q. =— ("=~ OF (5.74)
Bcal
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where D is the flow rate of the working medium, i’ and {" are inlet and outlet
enthalpy of the working medium, and Q, r is additionally absorbed heat from
the furnace radiation.

When a slag screen or boiler bank is positioned at the exit of the furnace, if
the tube rows are equal to or more than 5, all the radiation heat at the furnace
exit is considered absorbed by the tube bundles. If the tube rows are fewer, part
of the heat passing through the bundles is absorbed then by the downstream
heating surface. At this time, the radiation heat absorbed by the bundles is:

Qr,F — ¢cterAE (575)
Bcal

where g, is the average thermal load of the furnace heating surface as calculated,
E is the cross section area of the furnace exit window, and y is the uneven
distribution coefficient of thermal load—when the furnace exit window is at the
top of the furnace, y = 0.6, when the exit window is on one side of the furnace
wall, y = 0.8. ¢, is the configuration factor of the bundles.
The heat absorbed by air in the air preheater is:

Ao h ”
Qaph (ﬂdph + %j(’gph Iaph) (5.76)
where 37 is the excess air coefficient at the air preheater outlet, which is cal-
culated using the following equation:

::ph = OCF - A(ZF (577)
where Aaaph is the air leakage coefficient (air side) of the air preheater, and 10 aph
and 17 aph are theoretical air enthalpy at the exit and entrance of the air preheater.

5.5.2 Heat Transfer Coefficient

Within a boiler’s convection heating surface the hot gas is used to heat water,
steam, and air. The hot gas and heated working medium do not mix together at
either side of the heating surface; heat moves from the hot gas through the tube
wall to the working medium. To this effect, the heat transfer process is a com-
bination of three separate processes: (1) heat release from hot gas to the outer
tube surface, (2) heat conduction through the tube wall from the outer surface
to the inner surface, and (3) heat release from the inner tube surface to the fluid.

We know that there are three basic modes of heat transfer: conduction, con-
vection, and radiation. In actuality, the heat transfer process is usually a com-
bination of these three modes, thus it is very complicated. In the convection
heating surface of a boiler, heat released from the hot gas to the outer surface of
tubes generally includes convection and radiation, heat transfer from the outer
surface to the inner surface of tubes is a conduction process, and heat transfer
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from the inner surface of tubes to the working medium is a convection process.
See the following diagram of the general serial heat transfer process:

Hot Convention+radiation Outer Conduction Inner Convection Working
gas surface surface medium

Convection heat transfer can be expressed as follows:
QO =hAAt (5.78)

where A, is the convective heat transfer coefficient.
Radiation heat transfer can be expressed as follows:

0 =hAAt (5.79)

where A, is the radiative heat transfer coefficient.
Conduction heat transfer can be expressed as follows:

2
Q=gAn (5.80)

where A is the thermal conductivity of the mental tube, and & is tube wall
thickness.

See the following three equations for expressions of heat transfer in series
through the boiler heating surface discussed above.

1. Heat from hot gas to outer surface of tubes through convection and radiation:
Ql :(hc+hr)A(tl - os):hlA(tl - os) (581)
2. Heat from outer surface to inner surface of tubes through conduction:

Ow = %A(tos — ) (5.82)

3. Heat from inner surface of tubes to working medium through convection:
0> = Aty — 1) (5.83)

In the above three equations, %, is the gas side convective heat transfer coef-
ficient, &, is the working medium side heat transfer coefficient, #; and ¢, are gas
temperature and working medium temperature, respectively, and 7., and f; are
outer surface temperature and inner surface temperature of the tubes, respec-
tively.

According to the energy conservation principle, during the steady-state pro-
cess, the heat transferred in a serial process is equal:

0=0.=0,=0 (5.84)
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If a heated tube is simplified to a plate, that is, the areas of the outer and in-
ner surfaces of the tube are considered equal, then the thermal loads of all three
processes are equal:

N=qw=0=q (5.85)

Transform Eqgs. (5.81-5.83) to equations of temperature difference as follows:

i —los =q—

1 q Iy

o
=gl (5.86)

os 18 ql

is 2=4q h2

Rearrange the above three equations to obtain:

-t = l+é+i— R 5.87
1—hh=q PR q (5.87)

where R is the total thermal resistance of the heat transfer process, which equals
the sum of thermal resistance of each serial process. In other words, the thermal
resistance of all three processes can be expressed by linear superposition.
Transform the thermal load mode of Eq. (5.87) as follows:
h—th
1= s 1 (5.88)

oA h

The heat transfer coefficient can then be obtained by comparing Eq. (5.88)
and the basic heat transfer equation (5.72):
1

(1 5 1 (5.89)
oA h

Then the total thermal resistance is:

1 1 6 1

=—=—+—+— 5.90
K h A h 620

In an actual heat transfer process, there is ash outside the tube and scale in-
side the tube. According to the thermal resistance liner superposition principle,

the total thermal resistance of the heat transfer process is:

R=—+—+"+—+— (5.91)
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4

where i 5—‘”, and % are the thermal resistance of the ash layer, tube wall, and

A Ay
scale layer, respectively.
The following general equation for the heat transfer coefficient can then be
obtained:

1 5 o, & 1 (5.92)

Please note that the effects of ash deposition on heat transfer are introduced
as a special topic in chapter: Effects of Ash Deposition and Slagging on Heat
Transfer.

5.6 THERMAL CALCULATION OF THE BOILER

Whether we’re considering a utility boiler or an industrial boiler, “heat transfer
in the furnace” refers not only to the heat transfer in the combustion chamber
but also to the flow and cooling process of gas after it leaves the combustion
chamber. For boilers, complete thermal calculation is part of the overall heat
transfer calculation. In this section, a suspension-firing furnace serves as an
example to introduce the thermal calculation of boilers and illustrate the dif-
ferences between the grate-firing furnace, fluidized bed, and suspension-firing
furnace.

The basic definitions of boiler heating surfaces are first introduced briefly to
inform the thermal calculation process provided in the Appendix C.

5.6.1 Basic Definitions of Boiler Heating Surfaces

1. The basic requirement of the boiler proper

The function of a boiler is to transfer the heat from fuel combustion to work-
ing media through heating surfaces, and heat a low-temperature working
medium to high temperatures (heating water to steam, for example). The
boiler involves a series of processes including combustion, heat transfer,
draft, water circulation, and steam—water separation. The design of a boiler
proper is, in effect, the design of heating surfaces. The boiler proper usually
contains a furnace, convection heating surface, drum (note that there is no
drum in a once-through boiler), steel frame, and furnace wall.

The design calculation of a boiler includes thermal calculation, hydrody-
namic calculation, strength calculation, draft resistance calculation, and tube
wall temperature calculation. Thermal calculation is the main calculation of
boiler design, the task and aim of which is to determine the necessary physi-
cal design and size of each heating surface and provide initial data for other
calculations according to given fuel characteristics, feedwater temperature,
other technical conditions, and expected rated capacity, as well as steam
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conditions and other technical and economic constraints. Thermal calcula-
tion is the foundation of the entire boiler design and all other calculations,
which has crucial effects on boiler performance.

Creating a reasonable arrangement and structure is the most important
issue for both newly designed boilers and refitted boilers. Whether the de-
signed or modified thermal parameters are appropriate directly influences
the safety and economy of manufacturing, installation, operation, and main-
tenance of the boiler. Boiler structure and arrangement must be designed
with the utmost care and elaborate detail.

Boiler surfaces can be divided according to heat transfer mode (eg, ra-
diation heating surfaces and convection heating surfaces). Radiation heating
surfaces, such as the water wall of a large boiler or the furnace flue and drum
of a small boiler, are arranged in the boiler furnace to absorb radiation heat.
Convection heating surfaces are contacted directly by heated gas and absorb
convection heat; these include superheaters, reheaters, economizers, and air
preheaters in utility boilers, and boiler banks, economizers, and air preheat-
ers in industrial boilers.

2. Design and arrangement of the furnace and water wall

The water wall tubes of natural circulation boilers are arranged directly on
the walls around the furnace — the lower part of the tubes is connected to the
lower header outside the furnace wall, and the lower header is connected
to the water space of the drum through a downcomer. The upper part of the
tubes can be connected to the drum directly or through the upper header/
steam conduit to form the water circulation loops of the water wall. The wa-
ter wall tubes are usually seamless steel, and are plain or finned. As shown
in Fig. 5.6, plain tubes are usually adopted for industrial boilers and finned
tubes are usually adopted for utility boiler membrane walls. The advantage
of a membrane wall is the favorable protection of the furnace wall, which
significantly reduces furnace wall temperature, thus reducing the require-
ment for furnace wall thickness and weight. The furnace must be air/gas
tight to reduce air/gas leakage into/from the furnace to enhance boiler ther-
mal efficiency and keep the environment clean and safe.

The spacing of water wall tubes s should be considered carefully to pro-
tect the furnace wall from high temperatures and ensure metal resources
are applied economically. From a heat transfer point of view, the water wall
tubes also should not be too close to increase the utilization of the metal as a
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FIGURE 5.6 Water wall diagram.
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heating surface. Expansion problems in the water wall should be considered.
Large boilers usually adopt a suspension structure in which the water wall
top is hung onto a steel frame and the lower part of the water wall can freely
expand; small boilers usually adopt a braced structure in which the bottom
is fixed and can expand upward.

. The design and arrangement of back-end heating surfaces

There are two ways that gas flows across bundles: transverse flow and lon-
gitudinal flow. The heat transfer effect of transverse flow is better than that
of longitudinal flow, so transverse flow should be adopted when possible
during convection heating surface design. Longitudinal flow permits higher
gas velocity, but its heat transfer effect is worse than that of transverse flow.

Tube arrangement configurations can be staggered or in-line. In general,
the heat transfer coefficient of a staggered arrangement is larger than that
of an in-line arrangement by 5~6%, so staggered arrangement is more ben-
eficial for heat transfer. However, for boilers burning easily slagging coal,
waste boilers, and biomass boilers, staggered arrangement is not used as far
as possible to avoid slagging and deposition.

Selecting a reasonable gas velocity is very important when designing a
convection heating surface. Enhancing gas velocity can improve heat trans-
fer and protect the heating surface, but will increase gas resistance and oper-
ation expense. If gas velocity is too low, heating surface ash deposition will
severely affect heat transfer; if gas velocity is too high, the heating surface
will be severely abraded. For a water tube boiler, gas velocity should not be
less than 6 m/s when burning coal, and is usually about 10 m/s. Oil- and gas-
fired boilers can accommodate higher gas velocity. In addition, design and
arrangement should ensure that heating surfaces are flushed well to avoid
dead zones and enhance utilization of the heating surface.

Heat transfer is proportional to temperature difference. For small-scale
boilers, convection banks of tubes are generally arranged near the furnace
outlet. When gas flows through the heating surface, heat is absorbed gradu-
ally by the working medium as gas temperature decreases accordingly; the
working medium temperature remains at saturation temperature. When gas
temperature is below 350°C, the temperature difference between the work-
ing medium and the gas decreases considerably. At this time, increasing the
heating surface does not significantly increase the heat transfer ability, but
increases metal consumption. To reduce the gas temperature further, it is
more reasonable to take advantage of an economizer or air preheater.

In boilers with high gas temperature at the furnace exit, to avoid slag-
ging, several wide pitch slag screen bundles should be arranged at the fur-
nace exit. Relative transverse pitch s;/d >4.5, relative longitudinal pitch
s»/d>3.5, and in addition, transverse and diagonal spacing should be not
less than 250 mm.

According to statistics, the average evaporation rate of a convection heat-
ing surface is 10~ 15 kg/(m?-h) for a coal-fired furnace, and 15~20 kg/(m>-h)
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for an oil- or gas-fired furnace. These values can be referred to during initial
evaluation and heating surface arrangement design.
4. Overview of heat transfer calculation in furnaces

The furnace is the most important part of a steam boiler. In the furnace, com-
bustion and heat transfer occur at the same time. All the factors involved in
the combustion and heat transfer processes impact each other—as such, the
furnace includes a complex series of physical and chemical processes includ-
ing fuel combustion, heat transfer from the flame to the water wall, flow and
mass transfer between the flame and gas, and fouling of the water wall. The
goal of analyzing heat transfer in a furnace is to determine the absorbed heat
of the furnace’s heating surface and the gas temperature at the furnace exit.

For suspension-firing furnaces and grate-firing furnaces, a mixture of fuel
and air combusts and produces high-temperature flame and gas. Heat is trans-
ferred to the water wall tubes through radiation heat transfer. At the furnace exit,
the gas then cools to a certain temperature before entering the convection pass.

The heat transfer process in a furnace is subject to many factors. Under
certain conditions, the greater the radiation heating surface in the furnace, the
more heat is transferred and the lower the gas temperature at the furnace exit;
conversely, the smaller the radiation heating surface, the lower the heat transfer
and the higher the gas temperature at the exit. Furnaces are designed success-
fully by determining the heating surface area needed based on furnace outlet gas
temperature; furnaces are verified by confirming the outlet gas temperature is
reasonable after the radiation heating surfaces are arranged.

When determining the arrangement of radiation heating surfaces, an ap-
propriate furnace size should be first determined. Generally, thermal load is
selected according to coal type and combustion mode, then furnace volume is
determined based on the selected thermal load.

For example, the thermal load of grate combustion gi and the volumetric
thermal load of the furnace ¢, should be used for a grate-firing furnace, then the
furnace volume and grate area can be evaluated according to g and ¢g,. Cross
section thermal load g, and volumetric thermal load ¢, should be used for a
suspension-firing furnace to calculate the furnace cross section area.

Gas temperature at the furnace exit is extremely important; it is a parameter
that reflects the absorbed heat of the furnace, which determines the ratio of
absorbed heat of radiation heating surfaces and convection heating surfaces in
the boiler. The more heat a furnace absorbs, the lower the outlet gas temperature
is; if the absorbed heat is low, the outlet gas temperature is high. If the gas tem-
perature at the furnace exit is too low, average flame temperature in the furnace
will also be too low, and the radiative heat transfer intensity will naturally be
reduced. Such a situation is not economical and disadvantageous for combus-
tion, causing incomplete combustion (thus, loss) of gas and solids, and reducing
fuel ignition and combustion stability. If gas temperature at the furnace exit is
too high, slagging occurs on the convection heating surface and impacts overall
boiler reliability.
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We would like to reiterate here that due to the complexity of the furnace heat
transfer process, theory alone does not suffice for calculation; instead, empirical
or semiempirical heat transfer equations are necessary, based on large amounts
of experimental data. Though heating surface structures vary, heat transfer cal-
culations of convection heating surfaces only involve heat transfer and mass
transfer without considering chemical reaction. These processes happen in
a flue pass, thus the heat transfer calculation is quite simple and the calcula-
tion is similar at all stages of the heating surface. This was discussed briefly
in Section 5.4—to provide more detail, thermal calculation methods for boiler
units are discussed at length below.

5.6.2 Thermal Calculation Methods for Boilers

Boiler design is the first step of a boiler’s manufacture—as mentioned above, it
determines overall product performance and quality. Boilers should be designed
to be small in volume, lightweight, simple in structure, convenient, efficient,
and high-quality. The boiler mode should be determined first for a new boiler,
followed by the structure and size of every component. The design should aim
for safety and reliability, advanced technology, low metal consumption, conve-
nience for manufacture and installation, and high fuel-saving efficiency. De-
signers should conduct exhaustive research and integrate all related theories
and practical knowledge of operation processes, then calculate and compare
all available technology. One of the most important calculations during boiler
design is thermal calculation of the entire boiler (including determining the
structure and size of all heating surfaces according to given technology and
expected thermal characteristics parameters)—called “design calculation” for a
new boiler, as discussed above.

Design calculation is carried out at rated load of the boiler, and is calculated
in the following stepwise process:

1. Determine the initial data.

2. Calculate the air amount, gas amount, and enthalpy of combustion.

3. Calculate the thermal balance to determine each item of heat loss, and cal-
culate boiler efficiency and fuel consumption accordingly.

4. Along the gas flow direction, calculate each stage of the heating surface
from the furnace to the back-end in turn.

5. Summarize and tabulate the necessary data for the entire boiler unit.

Once the structure/size of the boiler is given, thermal characteristics can
be calculated under other off-design conditions (eg, change of load, change
of combustion, change of feedwater temperature), for verification calculation.
Identify the exhaust gas temperature 6,, and hot air temperature (when using
an air preheater), then calculate the exhaust gas heat loss, boiler efficiency,
and fuel consumption for every heating surface in turn. When calculating
by hand, if the calculated exhaust gas temperature differs from the supposed
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value by less than +10°C and the hot air temperature differs from the sup-
posed value by less than +40°C, the calculation can be considered acceptable.
When using a computer for calculation, the acceptable difference can be much
smaller (x1°C). Verify the exhaust gas heat loss, boiler efficiency, and fuel
consumption using the last calculated exhaust gas temperature, then verify
the absorbed heat of the radiation heating surface using the obtained hot air

temperature.
Calculation error can be determined using the following equation:
qllC
AQ=0.n- 1- 593
0=0.n (ZQ)( 100] (5.93)

where 20 is the sum of the absorbed heat of the water wall, superheater, boiler
bundles, and economizer, calculated using the heat obtained from the thermal
balance equation for each. Calculation error AQ should not exceed the heat en-
tering into furnace Q, by more than +0.5%.

If the last calculated exhaust gas temperature or hot air temperature does not
meet the above requirement, it must be recalculated. At this time, if the change
in fuel consumption does not exceed that of the last calculation by 2%, the heat
transfer coefficients of convection heating surfaces do not need to be recalcu-
lated; instead, only the temperature and temperature difference of each stage of
the heating surface need to be corrected.

Case 5.2: for thermal calculation of a 410 t/h pulverized coal boiler, refer to
Appendix D.

5.6.3 Thermal Calculation According to Different Furnace Types

First, let’s examine a few similarities. Boilers with three types of furnace burn-
ing fossil fuels (the specific fuel in the boiler is not discussed here), including
grate-firing, suspension-firing and fluidized-firing furnaces, have similar cor-
responding calculations and structures. Due to differences in fuel preparation,
combustion types, and structures, the practical operation and calculation pro-
cesses show a little bit of difference. Since oil-fired boilers and gas-fired boilers
are also suspension-firing, the following discussion uses the suspension-firing
coal-fired boiler as an example.

1. Identical requirements
Thermal calculations for these three types of furnaces share the same aim
and requirements — either designing a new boiler or verifying an existing
boiler structure. The results all serve as basic guarantees of boiler perfor-
mance and form the basis for subsequent work.

2. Similar working processes
The working process is similar for the different furnaces: fuel enters com-
bustion, burns in a combustion chamber given air and absorbs some amount
of heat, enters a convective back-end heating surface, then leaves the boiler.
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3. Similar calculation processes
The similar working process of the different types of furnace implies that
the basic process for thermal calculation is also similar across the differ-
ent furnace types, ie, air balance calculation, gas composition calculation,
enthalpy-temperature table calculation, thermal balance calculation, heat
transfer calculation in the combustion chamber (furnace), and heat transfer
calculation of heating surfaces at each stage.

Next, let’s consider some notable differences among these different types
of furnace.

1. Combustion chamber calculation
Due to different boiler structures and combustion modes, heat transfer cal-
culation in the combustion chamber can vary quite widely. (You’ve noticed,
certainly, that this is the main idea of this book.)

2. Material balance
Fuel particle size is largest in a grate-firing furnace. After combustion, most
of the ash is discharged from the bottom of the combustion chamber as slag,
and a small fraction of ash leaves the boiler through the back-end heating
surface as fly ash. Because the coal particle size in a suspension-firing (pul-
verized coal) furnace is small, most of the ash leaves the boiler through the
back-end heating surface as fly ash, and only a small fraction (less than
10%) is discharged from the furnace hopper; the ash distribution of a CFB
boiler falls somewhere in between. The CFB boiler has material circulation
among the combustion chamber, separator, and loop seal, so material mass
concentration in the combustion chamber is much higher than that in the
grate-firing furnace or suspension-firing furnace. This characteristic affects
the combustion process and energy balance in the combustion chamber, and
requires quite different heat transfer calculation and thermal calculation in
the furnace.

3. Energy balance
Fuel stays in the combustion facility (grate) for a very long time in a grate-
firing furnace where the temperature is low and uneven, and the combus-
tion center is low. For a suspension-firing furnace the fuel and formed fly
ash pass through the combustion chamber very rapidly (generally just a few
seconds) and the combustion center is high. For a CFB boiler fuel burns
within the entire combustion chamber, that is, there is combustion fraction
along the furnace height. In a CFB furnace material mass concentration is
high due to material circulation, causing uniform temperature distribution in
the furnace. Since the combustion process, heat release process, and energy
balance are different, so the calculation method is likewise considerably
different.

4. Ash deposition conditions
Due to differences in the material circulation and combustion process (es-
pecially regarding temperature), the fly ash of different boilers is different
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in terms of both amount and property, so their influence on heat transfer is
different. This is actually a most likely neglected problem during the course
of calculation.
5. Capacity and complexity

Before the CFB boiler was developed, grate-firing boilers were small or
medium-scale boilers (with capacity less than 130 t/h) and suspension-firing
boilers were large or medium-scale boilers (220 t/h or so). At present, boiler
capacity can be roughly ranked from small to large as follows: grate-firing,
CFB boiler, and suspension-firing, with some capacity overlap between
corresponding furnace types. In general, grate-firing furnaces are small
in capacity, simple in structure, and with low calculation complexity and
precision demand. Suspension-firing furnaces have generally large capac-
ity (2000~3000 t/h) and complex structure, with high calculation precision
demand. Because the energy balance is coupled with the material balance in
a CFB boiler furnace (and because the technology is still relatively under-
researched and still under development), it is more difficult to analyze.
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6.1 ASH DEPOSITION AND SLAGGING PROCESSES
AND CHARACTERISTICS [15]

6.1.1 Deposition and Slagging

For boilers that use solid fuel, deposition on the heating surface, such as in
pulverized coal furnaces, in grate-fired furnaces, or on the suspended heating
surface of CFB boilers, is inevitable. Deposition and slagging cause the ther-
mal resistance from the flame to the working medium to increase, which de-
creases the absorbed heat of the heating surface and reduces the boiler’s thermal
efficiency.

Deposition is characterized by loose ash particles adhering to the heating
surface. Only when suspended ash particles have already solidified before touch-
ing the heating surface, can loose deposition form. In contrast to deposition,
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slagging is characterized by a tight ash layer adhering to the heating surface.
Generally, melting or viscous ash particles attacking the heating surface will
form slagging rather than deposition.

Ash layers form through some of the following ways.

1. The finest particles in the vicinity of the water wall surface move to the sub-
layer of the gas boundary through molecular diffusion, turbulence diffusion,
or Brownian movement.

Alkali sulfates, chlorides, and hydroxide in gas condense on the surface of
the water wall.

Large particles move, being carried by the gas flow.

High-temperature electrophoresis.

Static electricity between fly ash particles and the water wall.

Softening and melting particles form sedimentary layers on the surface of
the water wall.

N

A

Deposition and slagging have clear differences, but are closely related. De-
position forms when ash accumulates on the heating surface at temperatures
lower than the ash fusion point, and slagging forms when melting ash accu-
mulates on the heating surface. Slagging is related to the composition, fusion
temperature, and surface temperature of ash particles that transfer to the surface
under various types of force, usually occurring on the radiation heating surface
of the high-temperature zone. Severe deposition or slagging worsens the heat
transfer conditions, influencing output and hydrodynamic performance to the
point where an accident may occur. So it is very important to avoid deposition
and slagging.

Slagging in a pulverized coal furnace usually occurs due to fusion deposi-
tion, which is usually related to the transfer conditions of melting or viscous ash
particles in the flue gas. When the gas cools down, vaporized matter in the high-
temperature area condenses, potentially making these elements accumulate as
fusion ash on the furnace wall and forming a tight ash layer.

Slagging and deposition on the boiler heating surface are related to not only
the fusion point and composition of the fuel and its ash, but also the design pa-
rameters of the boiler such as combustor layout, furnace thermal load, furnace
outlet temperature, superheater location, gas velocity/temperature, steam tem-
perature, tube wall temperature, and pitch and arrangement of the heating sur-
face. Slagging and deposition are affected by operating conditions such as load
changes, fuel changes, the flow field in the furnace, the multiphase properties of
fly ash, the heat transfer process in the furnace, installation of the soot blower and
its blowing frequency, the excess air coefficient, and the combustion adjustment
process. To this effect, slagging and deposition on the boiler heating surface is a
multidisciplinary practical problem that involves the boiler, fuel chemistry, multi-
phase fluid dynamics, heat and mass transfer, combustion theory, and technology
and material science principles. This chapter only introduces content related to
heat transfer in furnaces. Interested readers are urged to refer to the literature.
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FIGURE 6.1 Slagging on a water wall.

6.1.2 Formation and Characteristics of Deposition and Slagging

Let’s first define some different types of deposition and slagging, first by ex-
amining the morphology of deposition and slagging on a boiler’s heating fur-
nace. During boiler operation, slagging happens only when a portion of the ash
particles are viscous enough to adhere to the wall’s surface. An ash layer first
forms on the surface, then it extends from the heating surface to the furnace
interior until reaching the fusion state. Fig. 6.1 shows the process of slagging on
a furnace heating surface.

The slagging process is closely related to the flow and temperature field in-
side the furnace. When part of the gas in the furnace stagnates or changes flow
direction, ash particles entrained by the gas may deposit on the furnace wall due
to inertia settlement. If the furnace wall temperature is high enough, or the ash
surface is molten, ash accumulates to a certain degree on the furnace wall then
flows downward to cooler places such as manholes, sight holes, or any measur-
ing holes due to gravity, then condenses into a slag lump looking like a stalactite
as shown in Fig. 6.2.

The typical deposition and slagging morphology of convective heating sur-
face tube bundles is shown in Fig. 6.3. Deposition is most likely on the leeward
side of the tubes; when gas flows across the tube bundles, a stagnant area forms
on this leeward side. Ash particles deposit, again, due to inertia, forming slag
arches and bridges. When the temperature is low, the deposited ash is present in
the form of fine particle powder.

FIGURE 6.2 Sight hole and slag lumps on a leading tube.
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(a) (b)

FIGURE 6.3 Deposition morphology. (a) Bilateral wedge deposition. (b) Unilateral wedge
deposition. (c) Unilateral melt transformative deposition. (d) Deposition bridge.

(d)

The processes of deposition and slagging are complicated, and are affected
by alternating physical and chemical factors. As such, there are various types of
deposition and slagging that are sometimes difficult to distinguish, but can be
roughly classified according to certain properties.

According to ash particle temperature, deposition and slagging can be classi-
fied as fusion slag, high-temperature deposition, or low-temperature deposition.
When the gas temperature is higher than 800°C, the ash particle temperature
reaches the fusion point and the slag is fusion slag. When the gas temperature
is 600~800°C, the ash particles are solid and a high-temperature deposition is
formed. When the gas temperature is lower than 600°C, fine ash particles on the
heating surface of the tubes form a low-temperature deposition.

Deposition can be divided by strength into loose deposition and viscous de-
position. Loose deposition is primarily unilateral wedge deposition formed on
the leeward of the tubes. Viscous deposition forms on the windward of the tubes
when velocity is very low and ash particles are very small, and grows toward
the gas flow. Unlike loose deposition, viscous deposition will not stop growing
upon reaching a certain size, but instead will continue to grow. As a result, the
bundle flow resistance increases until the gas passage is completely blocked.

The properties and differences of loose deposition and viscous deposition
are shown in Table 6.1.

Let’s look at some specific processes next, starting with the heating surface
deposition process. SEM (scanning electron microscope) analysis of heating
surface deposition has shown that deposition formation can be divided into
three stages.

1. Initial depositions form the substrate. One type of deposition, iron-rich fu-
sion slag, hits and sticks to the tube wall in a tight, iron-rich, spherical glass
ball; the other type of deposition is mainly formed by the sublimation and
agglomeration of sintering, or the high-temperature effects of aluminum-
rich andalusite with silica and aluminum minerals.

2. Fly ash particles then adhere to the top of the substrate. The strength of the
deposition layer is increased due to mutual particle adherence. A layer of
viscous clusters is formed as the deposition grows. The thermal insulation
of the deposition layer raises the temperature of the deposition layer, causing
stronger particle adhesion.
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TABLE 6.1 Differences Between Loose and Viscous Deposition

Factors considered

Forming location when
flowing across bundles

Growing
characteristics

Flow resistance
Ash content in fuel
Gas velocity

Mechanical strength

Loose deposition

Mainly on leeward side,
casually on windward side

Growth until force balance
of fine ash deposition and
deposited layer collapse
caused by large particles

Does not increase bundle
resistance

No influence basically

Increasing velocity
decreases deposition size

Loose without mechanical
strength

Viscous deposition

Mainly formed on
windward side

Infinite growth tendency

Increases bundle resistance
obviously

Deposition becomes severe
with large amount of ash

Increasing velocity
increases deposition

With various mechanical
strength
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3. As furnace temperature increases, the depositing rate also increases, even
causing deposition sintering, so that forms the slag layer.

Now, let’s take a look at the slagging process on a heating surface. For
pulverized furnaces, the fusible matter in the ash first melts to liquid during
combustion, then shrinks into a spherical shape under the effects of surface
tension. The fused spherical ash particles have high density, and readily sepa-
rate from the gas into the ash hopper or slag pool, or adhere to the furnace
heating surface. The nonmelted ash particles maintain their original irregular
shape. Low-density porous particles form when the combustible matter burns
out, then escape the furnace to form fly ash or build up on the cooler heating
surface.

In the high-temperature zone in a furnace, the ash in the coal is in a fused
or quasi-fused state. If the ash is not cold enough to become solid before
reaching the heating surface, the ash still has strong adhesive capacity and
will readily adhere to the heating surface or furnace wall facing the high-
temperature gas or flame. Fusible or easily gasified substances (such as alkali
metal compounds) volatilize rapidly and enter into the flue gas. When the tem-
perature decreases, these substances condense partially on the heating surface
to form an initial ash layer. As the adhesive force of the ash layer increases,
the thickness of the ash layer increases, and the surface temperature of the ash
layer increases. If the fuel ash fusion point is low, the ash forms a plastic slag
film with high viscosity when it reaches the ash deformation temperature, then
sinters gradually.
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Research has shown that the process involves three stages.

1. Diffusion: where a thin ash deposition layer is formed around the tubes that
is not affected by flue gas velocity.

2. Internal sintering: where the ash layer is formed on the windward of the
tubes because of the hitting of ash particles (about several millimeters in
thickness). Particles in this layer bond with each other due to surface viscos-
ity, then gradually sinter into solid form.

3. External sintering: where as the internal sintering layer grows, the ash sur-
face temperature increases, even up to the gas temperature. When the gas
temperature and alkali metal proportion in the ash are high enough, a fusion
layer is formed on the windward of the ash layer. These fusion materials
can further capture oncoming particles and bond with them to form high-
strength ash deposition.

Naturally, if the flow field in a furnace causes fuel jet stream deflection,
a high-temperature flame blows directly onto the heating surface and directly
causes slagging without the above stages.

6.1.3 Damage of Deposition and Slagging

According to the aforementioned analysis of the mechanisms and processes of
deposition and slagging in the boiler, the following problems deserve attention:

1. Deposition and slagging reduce the heat transfer ability of the furnace’s heat-
ing surface; after ash particles deposit on the heating surface, the thermal
conductivity is small and the thermal resistance becomes greater. The heat
transfer ability decreases by 30~60% after being covered by ash, causing
upward movement of the flame center in the furnace, decreased absorption
of heat, and increased furnace outlet temperature.

2. Due to increased furnace outlet temperature, fly ash readily adheres to
the pendant superheater and convective superheater of the back-end high-
temperature zone, which causes deposition, slagging, and corrosion in the
superheater. This not only influences heat transfer, but also can lead to
corrosion and bursting of the tubes.

3. Severe deposition will cause blockage in the economizer and air preheater
gas passage, deteriorating the heat transfer and increasing the exhaust gas
temperature, which decrease boiler thermal efficiency and operational
economy.

4. Increased total thermal resistance (namely, decreased effective heating area)
leaves the boiler unable to keep working at rated load in relation to the de-
signed coal consumption, thus, coal feed has to be increased, causing in-
creased furnace outlet temperature, in turn making ash more readily adhere
to the heating surface, and forming a vicious circle. Dangerous accidents
such as superheater and economizer blockage, cracks, air preheater block-
age, and/or air leaking, then result. Increased furnace outlet temperature
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may raise the superheated steam temperature, causing the superheater tubes
to work above allowable temperatures.

5. Under the effects of high-temperature gas, ash on the water wall or high-
temperature superheater will react with the metal on the tube wall to form
high-temperature corrosion. Research has shown that the average water wall
corrosion rate is 0.8~2.6 mm/a with high-temperature corrosion, therefore,
deposition and slagging are the beginning of high-temperature corrosion.

The above problems caused by deposition and slagging directly result in
economic losses including decreased average boiler thermal efficiency, de-
creased boiler output, decreased available operation time, and increased main-
tenance time and cost. Avoiding deposition and slagging should be given a great
deal of attention during the design, operation, and maintenance of the boiler. It
is also important to note that designers should avoid calculating blindly accord-
ing to ideal, purely theoretical situations, or the results will not reflect actual
situations in practice.

6.1.4 Ash Composition

For convenience, we’ll use a coal and a pulverized coal-fired boiler as examples
to illustrate the influence of fuel composition and ash properties on heating
surface deposition and slagging. The ash composition is very complex, and in-
cludes mainly Si, Al, Fe, Ti, Ca, Mg, V, Mn, K, Na, S, P, and O. During chemi-
cal analysis, these elements are usually denoted by oxide forms (such as SiO,,
Al,O3, Fe, 05 or FeO, CaO, MgO, V,0s5, Mn3;0,4 or MnO, K,0, Na,O, SO, and
P,0:s.) In addition to the oxides, these elements are present in the form of sili-
cates, aluminosilicates, and sulfates. The oxide concentration in ash from high
to low is SiO,, Al,03, Fe,05, FeO, Ca0, MgO, Na,0O, and K,O.

The ash composition combines with the following factors to influence the
deposition and slagging.

1. Thermodynamic conditions: gas velocity, gas flow direction, gas tempera-
ture, and wall temperature.

2. Operation conditions: coal particle size, fly ash concentration, excess air
coefficient, boiler local heat flux, and boiler output.

3. Geometric conditions: tube diameter, tube bundle pitch, number of tube
rows, and the approach taken for enhancing heat transfer such as spiral pipes
or a bundle with fins.

6.2 EFFECTS OF ASH DEPOSITION AND SLAGGING
ON HEAT TRANSFER IN FURNACES

Let’s start this section with a look into changes in the thermal efficiency coef-
ficient y during deposition and slagging processes. According to the informa-
tion provided earlier, the furnace wall can be considered a graybody, and the



180 Theory and Calculation of Heat Transfer in Furnaces

relationship among its own radiation, reflected radiation, projected radiation,
and radiosity can be expressed as follows:

gr =€0T* +(1-£)q, (6.1)

The radiative heat transfer flux ¢ is the amount of heat transferred between
this surface and the external system. For energy balance, calculate the following:

qg=q1—qr (Itispositiveif heatisreceived.) (6.2a)

or
q=¢eq;—eoT* (6.2b)

The effect of fuel characteristics, combustion mode, and boiler thermal load
on the in-furnace heat transfer can be lump-sum represented by the thermal effi-
ciency coefficient y;, which can be measured from experiments. Projected radia-
tion and radiosity can be measured with a radiation heat flowmeter. If the heat
flowmeter faces the flame, the projected radiation ¢; from flame to wall can be
measured; if the heat flowmeter faces the water wall, the radiosity gg from wall
to flame can be obtained. The thermal efficiency coefficient of the water wall is:

y= qi—4r _ 49 (6.3)
q1 q1
where ¥ denotes the ratio of heat absorbed by the water wall to the projected
radiation. The larger y is, the stronger the radiative heat transfer between the
water wall and flame.
The factors influencing the water wall thermal efficiency coefficient y in-
clude the following.

1. The emissivity of the water wall surface, namely, the ash surface emissivity
after deposition and slagging, is related to the slagging structure and tem-
perature. The surface emissivity of loose slag is lower than that of tight slag.
The emissivity of the water wall is usually around 0.8.

2. yis proportional to the difference of projected radiation and radiosity. If
projected radiation is large but reflected radiation is also large, then the
thermal efficiency coefficient will not necessarily increase. Fig. 6.4 shows
where the measured thermal efficiency coefficient varies along the furnace
height of a 230 t/h wet bottom boiler. Projected radiation is high at the slag
melting zone, but the radiosity is also high, so ¥ is low. At the upper stage
of the furnace, projected radiation is low because the gas temperature is low,
but radiosity is also low, so the thermal efficiency coefficient yis high.

3. wyis related to the temperature of the water wall, namely the temperature of
the ash surface. Surface temperature is related to the thickness of deposition
and slagging. If the ash layer is thin, the thermal conduction resistance of
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FIGURE 6.4 Changes in thermal efficiency coefficient and heat flux of a 230 t/h wet bottom
furnace.

ash is low, and the slag surface temperature is low. If the ash layer is thick,
the thermal conduction resistance increases and the slag surface temperature
grows rapidly. A previous study provided the example depicted in Fig. 6.5
[15]. For the case of the same flame temperature, when slag layer thick-
ness is 5 mm, the difference between slag surface temperature and flame
temperature is about 350°C, whereas at slag layer thickness of 50 mm, the
slag surface temperature is only about 40°C lower than flame temperature.
Meanwhile, the radiative heat transfer of the flame and water wall decreases
from 200 X 103 W/m? to 30 X 103 W/m?2. In brief, the influence of surface
temperature (slag layer temperature) is the vital one.

Finally, based on Eq. (6.3) and the conception of radiative heat transfer:

gi—qr _ N _I:SO'T4 +(1_£)ql]_8[1_6_7"4]
q1 q1 q1

V= (6.4)
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FIGURE 6.5 The relationship between slag layer thickness and slag layer surface
temperature.
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Evidenced by this equation, the thermal efficiency coefficient yis related to
water wall surface emissivity &, surface temperature 7, and projected radiative
heat flow to water wall surface g;, where gy is the effective radiative heat flow
of the water wall surface.

In the absence of deposition, the water wall surface temperature equals the
metal tube surface temperature, which is close to the temperature of the working
medium in the tube without considering the thermal resistance of scales deposit-
ed on the inner side of the heating tubes. With the same projected radiative heat

4
flow ¢, of is smallest at this time while the thermal efficiency coefficient

q1 . ...
y reaches its maximum. After deposition, the water wall surface temperature 7'

is equivalent to the ash surface temperature and varies with ash layer thickness/
compactness (the thicker the ash layer, the higher the ash layer surface tempera-
ture). When the ash is thick enough that the ash layer surface temperature rises
close to the flame temperature, the difference is nearly zero, and the heat trans-
fer tends toward zero. At this time, the thermal efficiency coefficient y reaches
its minimum (also zero).

Let’s consider the influence of the fouling factor { on heat transfer. Accord-
ing to the above definition, the fouling factor ¢ is:

C=y/x (6.5)

where x is the effective configuration factor of the water wall tube, and is de-
pendent on the structure of the water wall. Large coal boilers usually adopt a
membrane wall with fins (x = 1), thus the fouling factor is equal to the thermal
efficiency coefficient. During boiler design and analysis, the fouling factor is
usually used instead of the thermal efficiency coefficient. The fouling factor of
a general boiler is detailed in Table 3.1.

For a water wall with refractory material, its fouling factor is determined by
the following equation:

Ty
=0.53-0.25——— 6.6
¢ 1000 (6.6)
where Tgr is the fluid temperature of ash.
When fouling factor { decreases, the ability of radiative heat transfer weak-
ens and the heat absorbed by the furnace decreases, causing a rise in the furnace
outlet gas temperature.

6.2.1 Heat Transfer Characteristics and Ash Layer Calculation
with Slagging

The ash deposition coefficient p is characterized by the thermal conduction
resistance of the ash layer on the water wall, which is related to fuel type and
water wall mode. Table 6.2 shows the recommended values of ash deposition
coefficients for the water wall. The ash deposition coefficients for other types
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TABLE 6.2 Recommended Ash Deposition Coefficient Values

Water wall type Fuel/combustion type p/(m2-°C/W)
Bare water wall Gas 0
Heavy oil 0.0017
Pulverized coal 0.0034
Coal powder Rgg = 12-15% 0.0052
Oil shale 0.0060
Grate-firing furnace 0.0026
With refractory coating 0.0067
Water wall with refractory brick 0.0086

of heating surface can be found in D6.31, D6.33, D6.37, and D6.38 of the
Appendix.

Thermal conduction resistance is related to ash structure and thickness. The
following balance equation describes the relationship between heat transfer
flow and slag layer thickness (or ash deposition coefficient):

Measuring the heat transfer process provides the sum of radiative heat trans-
fer and convective heat transfer absorbed by the heating surface, which is equal
to the amount of heat both conducted through the ash layer and the convective
heat transferred into the working medium in the water wall tubes, and can be
expressed as follows:

Ts_Tt
P

<m4q—KWMAQ—my: (6.7)

I;—lehl

P

where T, is the flame temperature in the furnace, Ty is the ash layer surface
temperature, 7, is the average temperature of the water wall tube (ignore any
temperature difference caused by thermal resistance of the tube itself and in-
ternal deposition), and ag is furnace emissivity, which is calculated by flame
emissivity & and slag surface emissivity & (see the following):

(T.-Th) (6.8)

1

1,15 (6.9)
g &

ag =

h, is the convective heat transfer coefficient from the flame to the ash surface, &,
is the heat transfer coefficient between the water wall tube inner surface and the
working medium in the tube, T} is the working medium temperature, o'is the ra-
diation constant, and p is the ash deposition coefficient (ash thermal conduction
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FIGURE 6.6 The relationship between slag layer thickness and heat flux.

resistance 0/A, where 8 is the ash layer thickness and A is the ash thermal con-

ductivity). From Egs. (6.7) and (6.8), the relationship between heat flux ¢ and

ash thickness can be calculated (supposing A is constant), as shown in Fig. 6.6.
The following is a practical example.

Example 6.1
A pulverized coal boiler has capacity 130 th, furnace water wall area A =
479.5 m?, calculated fuel consumption B, = 4.437 kg/s, and amount of heat
transfer in furnace for 1 kg fuel burnt Q, = 12246 kJ/kg. Known deposition thick-
ness is 0.5 mm and deposition thermal conductivity is 0.1 W/(m-°C). Calculate the
temperature inside and outside the deposition layer.

The total heat absorbed by the water wall is:

Q.B.a =12246x4.437 = 54335.5 kW

The heat flux of the heating surface area is:
QB
= =113.3 (kW/m?
q==3 ( m )

The temperature difference is:

-3
at=3q =010 1435 566.5°C
A 0.1
If the water wall surface temperature is 450°C, then the external ash tempera-
ture is 1016.5°C.

6.2.2 Heat Transfer Calculation with Deposition and Slagging

Furnace heat transfer calculation equations are obtained based on radiative heat
transfer. After comprehensive boiler tests, the integrated influence of boiler
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structure, combustion mode, fuel characteristics, and deposition and slagging
can be reflected by equations using coefficients M and .

The furnace outlet gas temperature 7y can be determined using Eq. (5.27):
T

M[GWMFTS]H

TV =
(cha1V6

When furnace structure, fuel characteristics, and boiler parameters are given,
the furnace outlet gas temperature can be calculated from the above equation.
The influence of deposition and slagging on the furnace thermal efficiency
coefficient y has been introduced before in this section.

Coefficient M is related to furnace geometric shape, and is a function of the
ratio of furnace height A to furnace cross section equivalent diameter d.. As a
previous study pointed out, according to a large number of tests on a dry bottom
pulverized coal boiler, the relationship of M and hg/d, can be obtained as shown
in Fig. 6.7 [15]. The furnace cross section equivalent diameter can be calculated
using the following equation:

d, =" (6.10)

where F is the furnace cross section area, and U is the perimeter of the furnace
cross section.

6.3 EFFECTS OF ASH DEPOSITION AND SLAGGING ON HEAT
TRANSFER IN CONVECTIVE HEATING SURFACES

6.3.1 Effects of Severe Ash Deposition and Slagging

Radiative heat transfer in a furnace worsens owing to ash deposition and slag-
ging, leading to increases in the furnace outlet gas temperature, and increases
in the heat load of the convective heating surface positioned immediately after
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the furnace exit. Previous research has provided a good example of this [15].
Calculation of a 600 MWe boiler water wall showed that as deposition grew se-
vere, the fouling factor { decreased from 0.45 to 0.25 and the furnace outlet gas
temperature increased by 65°C. The more serious the deposition was, the higher
the furnace outlet gas temperature. As furnace gas flows through the platen
superheater, reheater, superheater, economizer, and air preheater, the inlet gas
temperature of all heating surfaces increases. The closer the heating surface is
located downstream from the furnace exit, the higher the magnitude of the tem-
perature rise. The platen superheater inlet gas temperature increases by 145°C,
the last-stage reheater inlet gas temperature increases by 80°C, the economizer
inlet gas temperature increases by 12°C, and the air preheater inlet gas tem-
perature increases by 5°C when deposition is severe. To reiterate, deposition
and slagging in the furnace have a considerable impact on the high-temperature
heating surface, and to this effect, the security issue attributable to overheating
of the tube wall of the reheater and superheater needs special attention.

6.3.2 Basic Heat Transfer Equation for Convective Heating Surfaces

For heating surfaces in the boiler back-end ductwork, the working medium ab-
sorbs heat from the gas by convective heat transfer. These heating surfaces are
therefore called “convective heating surfaces.” Convective heating surfaces in
large boilers include slag screens, convective superheaters, reheaters, economiz-
ers, and air preheaters, all of which belong to recuperative heat exchangers, fol-
low the same heat transfer principle, and are calculated in almost the same way.
The thermal balance equation of the convective heating surface gas side is:
Q=o(I'-1"+Aalf,) (6.11)

air

The thermal balance equation of the working medium side is:

D" 1)
== 7 6.12)
Q Bcal (
The heat transfer equation is as follows:
KAtA
=24t (6.13)
Bcal

where Q is the convective heat transfer of the heating surface, I’ is the gas en-
thalpy at the heating surface inlet, I” is the gas enthalpy at the heating surface
outlet, A« is the air leakage coefficient within the calculated heating surface,
10, is the theoretical leaked air enthalpy (usually the enthalpy of cold air), D is
the flow rate of the working medium, i’, i” is the working medium enthalpy at
the heating surface inlet and outlet, respectively, B, is the designed fuel supply
rate (really burnt), A is the convective heating surface area (usually the external
area of the heating surface tube whereas the mean diameter between the inner
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and external diameters should be used for a tubular air preheater area calcula-
tion), At is the average temperature difference between the gas and the working
medium, and K is the convective heat transfer coefficient.

The effects of deposition and slagging on heat transfer are integrated by
convective heat transfer K in the following heat transfer equation:

1
o A Ay A h

K=

(The meaning of this equation was discussed in detail in Section 5.5.)

The metal walls of tubes in the boiler are very thin and their thermal con-
ductivity is large. Therefore, thermal resistance §,/A,, is small enough to be
ignored. Because scale deposition under normal operating conditions does not
occur, the resistance of scale deposition &2’ is not considered. Bear in mind
that if there is deposition, its thermal conductivity is very small, so the heat
transfer coefficient will drop sharply.

The thermal resistance of the ash layer is related to many factors including
fuel type, gas velocity, tube diameter and arrangement, ash particle size, and
others. At present, the ash deposition coefficient p = §,/4, or the effectiveness
factor y is adopted to account for this. To distinguish this factor from the fur-
nace thermal efficiency coefficient, ¥, is used here. y, is defined as the ratio
of the heat transfer coefficient of a dirty (fouled) tube K and the heat transfer
coefficient of a clean tube K:

v, = K/K, (6.14)

The heat transfer coefficient can be expressed by the following equation:

1
K=3 I (6.152)

hy hy

or by:

Kew — L
= Va 1 (6.15b)

7+7

h

The heat transfer coefficient from the gas to the tube wall can be calculated
by the following equation:

by =&(he + ) (6.16)

where & is a utilization coefficient that makes a correction for reduced absorp-
tion of heat due to nonuniform flow of gas passing across the heating surface.
Note that for the evaporating heating surface and economizer, the heat transfer
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coefficient from the tube wall to the working medium /,>>h;, thus thermal
resistance 1/h, can be ignored.

Based on experimental data for cross-flow staggered tube bundles in solid
fuel fired boilers, the effect of deposition on the heat transfer coefficient can be
observed according to the ash deposition coefficient. For a superheater:

1

1 1 6.17)
hy hy

K=

For an economizer and boiler convection bank:

K=_ 1

[
h

(6.18)

The ash deposition coefficient is determined by experimental data, as
discussed in Section 6.3.3.
For cross-flow in-line bundles in solid fuel fired boilers, heat transfer coefficients
are calculated according to the effectiveness coefficient. For a superheater:
1
K=y,——
Vag 1 (6.19)
— + —
b hy
For an economizer and boiler convection bank:
K=y, (6.20)

where for anthracite and mean coal, y, = 0.6; for bituminous coal and lignite,
W, = 0.65; for oil shale, y, =0.5.

For tubular air preheaters, the influence of ash deposition and the uneven gas
flow field is considered using the utilization coefficient & as follows:

1 N 1 (6.21)

6.3.3 Coefficients Evaluating the Ash Deposition Effect

“Convective heating surface deposition” refers to the deposition process on
convective heating surfaces by gas laden with ash. Heating surface deposition
severely influences heat transfer; heat transfer capacity generally decreases by
about 30%, and potentially even up to 50%, after deposition. Fouling effects are
observed using the ash deposition coefficient p, the effectiveness coefficient v,
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and the utilization coefficient & during a convective heat transfer calculation.
Because the deposition process is related to fuel type, heating surface arrange-
ment, and operating conditions, the above coefficients can only be obtained
from model experiments and measurements taken during practical operation.
We’ll discuss them separately below.

1. Ash deposition coefficient p
The ash deposition coefficient is the thermal resistance caused by deposition

. . 0 iy .
on the convective heating surface, A_a . Because deposition layer thickness

0, and thermal conductivity A, are difﬁcult to measure, the recommended p
is determined based on the difference of the reciprocal of the dirty tube wall
heat transfer coefficient K and the clean tube wall heat transfer coefficient
K o= 1 1

PR Tk

For loose deposition, field tests have shown that p is related to gas ve-
locity, heating surface arrangement, fuel characteristics, and ash particle
size. The higher the gas velocity is, the smaller the p value. Gas easily
washes the back side of a tube if the tubes are in a staggered arrangement,
so there is less deposition on the leeward of the tubes and the value of
p is small. If the arrangement of the tubes is dense (the vertical spacing
is small), the gas more readily washes the front of the tubes, which de-
creases the p value. If large-diameter tubes are in an in-line arrangement,
deposition tends to be severe and the p value tends to be high. As for the
ash particle size, the bigger the particle is, the greater the self-cleaning
effect is, and as a result, the ash deposition becomes slow and the p value
decreases.

For staggered bundles arrangements including a single row of tubes when
burning solid fuel, p can be calculated using the following equation:

p=CyqCypo +Ap (6.22)

where p, is the basic ash deposition coefficient related to gas velocity @,
which is obtained as shown in Fig. 6.8. S, is the vertical pitch of tube rows,
d is the tube external diameter, and Cj is the correction coefficient for tube
diameter (Fig. 6.8). C, is the correction coefficient for ash particle size,

C,=1-1.18 1g;;;m7 , and Rj is the mass percentage of ash particles larger

than 30 wm. Generally, for coal and oil shale, C, = 1.0; for peat, C,=0.7. Ap
is an additional correction value (See Table D19).

For a platen heating surface, the ash deposition coefficient is related to
fuel characteristics, average gas temperature Tg, and soot blowing condi-
tion, which can be determined as shown in Fig. D9 of the Appendix.
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FIGURE 6.8 Basic ash deposition coefficient and correction coefficient.

2. Effectiveness factor y,
Eq. (6.14) indicates that the effectiveness factor y, reflects the heat transfer
coefficient of a dirty tube wall and a clean tube wall. The effectiveness factor
is adopted regardless of fuel type for the slag screen of a large boiler or tube
bank of a small boiler, and also for the convective heating surface of a boiler
burning liquid or gas fuel.

The effectiveness factor y,, as well as the ash deposition coefficient p,
depend on fuel characteristics, gas velocity, heating surface structure, and
working systems. The value of v, should be determined according to sev-
eral different conditions. For heating surfaces such as convective in-line
superheaters, slag screens, boiler banks, reheaters, and the transition areas
of once-through boilers burning lean coal and anthracite, y, = 0.6; burn-
ing bituminous coal, lignite, and middling, y, = 0.65; burning oil shale,
v, = 0.5. For heavy oil fired boilers, y, = 0.5~0.7 for all the convective
heating surfaces except for the air preheater, which is dependent on the gas
velocity and soot blowing condition.

For gas fuel fired boiler the effectiveness factor is taken to consider the in-
fluence of fouling on heat transfer in all types of convective heating surface.
For single-stage economizers with inlet gas temperatures below 400°C, first
stage economizers with a two-stage arrangement, and reheaters, y, = 0.85.

3. Utilization coefficient &

The utilization coefficient & is a correction that reflects any uneven flow
onto the heating surface and the resultant reduction in utilization efficiency of
the heating surface. During calculation of the convective heating surface, the
& value is generally considered. For convective heating surfaces with mixed
flow, & is 0.95. For cross flow heating surfaces of modern boilers, due to their
simple structure and effective sweeping, & is 1. For boiler evaporating banks
with complex gas flow, &is 0.9.

To calculate the gas side heat transfer coefficient of a platen superheater, &
should be adopted to consider the influence of uneven flow from the gas to the
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platen surface, because gas velocity in the equation of the heat transfer coef-
ficient must be determined by the average flow velocity assuming gas flowing
uniformly across the heating surface. Because most platen heating surfaces are
arranged at the position where flue gas in the furnace top enters the horizontal
flue gas passage, gas velocity in the furnace exit section is uneven (despite the
arrangement of the furnace nose or the fact that the combustor is arranged ac-
cording to the furnace air dynamic field). The convective heat transfer coeffi-
cient has to be corrected, to this effect, and the utilization coefficient should be
measured from experiments. When average gas velocity @,>4 m/s, = 0.85; as
gas velocity decreases, the influence of uneven flow increases and the & value
decreases.

For tubular air preheaters, the utilization coefficient { is the influence of
the air side where the air cannot flow across bundles uniformly due to direction
turning of air flow induced by the baffling plate. The correction method of this
influence involves multiplying the heat transfer coefficient under average veloc-
ity by a factor less than 1, which is similar to the correction method for the gas
side of a dirty tube. During heat transfer calculation the combined effect of the
air side and flue gas side is considered and denoted by utilization coefficients.

Under all the conditions introduced above, the values of p, ¥, and & are
suitable for the situation of a single-fuel boiler. If the boiler uses blended fuel,
such as coal—oil blends or oil-gas blends, the values of these coefficients should
be calculated according to the degree of fouling. If boilers burn gas fuel after
solid fuel, they should be calculated in accordance with the solid fuel burned.

The ash deposition coefficient p, effectiveness factor y,, and utilization co-
efficient & are empirical corrections for the additional thermal resistance caused
by ash deposition on the heating surface, which is obtained from experiments.
Generally, for solid fuel and cross flow staggered bundles, the ash deposition
coefficient p is applied to correct the influence of heating surface fouling on
heat transfer. For in-line arranged bundles and various fuels, ash deposition is
usually accounted for by the effectiveness factor y,. For air preheaters, besides
the thermal resistance of ash deposition, the effects of an uneven flow field are
quite significant, so the utilization coefficient & is adopted to reflect both.
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Any formula established theoretically must be verified through real-world test
results and experiments in a laboratory and/or industry setting. Occasionally, a
coefficient is needed to correct the original formula. When studying the char-
acteristics of heat transfer in furnaces according to scaling laws, sufficient and
reliable data gathered from experiments are necessary to verify (and amend, if
necessary) the theoretical equations empirically.

Development of testing and experimental technologies also assists research-
ers to better understand the fundamentals of furnace heat transfer phenomena.
Results obtained and observations made in the field strengthen theoretical anal-
ysis and improve the accuracy of calculation formulae. Indeed, the entire body
of knowledge regarding heat transfer in furnaces has been built by combining
theory and practice, gradually forming a complete and credible system from
empirical subject matter.

Skilled and methodical measurement of flame emissivity allows compre-
hensive and accurate understanding of flame radiation characteristics, and the
ability to predict (and therefore, to manage) necessary related factors. The dis-
tribution of radiative heat flow and the effects of ash on the radiative heating
surface in the furnace become clear once irradiation and reflective heat flow are
accurately measured—this then allows us to precisely and clearly illustrate heat
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transfer in the furnace, improve theoretical calculation methods, and enhance
the reliability of empirical formulae.

There are many methods available for experimenting on heat transfer in fur-
naces, but we will only discuss those for flame emissivity and radiant heat flux
here. We will also provide an example of local heat transfer coefficient mea-
surement in the heating surface of back-end ductwork of a boiler with combined
radiation and convection, plus another example of local heat transfer coefficient
measurement in the furnace of a CFB boiler.

7.1 FLAME EMISSIVITY MEASUREMENT [42]

Based on Planck’s law:

2he?
Eop=——— (7.1)
A% (24T —1)
E
Iy, =~ (7.2)
T

we know that the monochromatic radiation intensity of a black body in one
wavelength is the single-valued function of temperature 7. Therefore, once the
monochromatic radiation intensity is measured, we can calculate 7. At the same
time, the optical radiance emitted from a black body is proportional to its ra-
diation intensity, so we can obtain the temperature of the black body based on
optical radiance.

We can measure the emissivity of luminous flames with optical pyrometers
(eg, a bichromatic optical pyrometer) or with auxiliary radiative resources.

7.1.1 Bichromatic Optical Pyrometer

As described earlier, the monochromatic radiation intensity of a black body
is a function of temperature and wavelength. If wavelength is fixed to one
value, for example, A =0.65 um, the monochromatic radiation intensity of the
black body is only dependent on temperature; on the other hand, the light
luminance emitted by an object is proportional to its radiation intensity, so
the temperature of a measured black body can be calculated according to its
optical radiance.

Egs. (7.1) and (7.2) calculate the radiation intensity of a black body with
temperature 7T}, See the following:

I, = 2hc?
bAE T e (71.3)
/'LS (e/lka _1)
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As we know, when

»1, the Planck formula can be simplified into the

Wien formula, therefore Eq. (7.3) can be transformed into the following:

he
2
2hc o AT,

25
If the measured body with monochromatic emissivity &, is not a black body,
then:

I, = (7.4)

2o, __he
_ 2h;581 ¢ T (1.5)

Because an optical pyrometer is calibrated according to a black body, and
the radiation intensity of black bodies is larger than that of real bodies at the
same temperature, the radiance temperature 7}, measured by optical pyrometer
will be lower than the real temperature 7 in Egs. (7.4) and (7.5), so:

I

——— =g (7.6)

where 7 is the absolute temperature of the measured body, and Tj, is the radiance
temperature measured by pyrometer.

The body being measured is usually not a black body, so the result must be
corrected.

We can measure the emissivity of a luminous flame with a pyrometer
very conveniently. Two types of optical filter, red (4 =0.6651um) and green
(A2 =0.5553 um), are available for measuring two radiance temperatures. From
Eq. (7.6), we can obtain:

1 1 Ak
T Ty he

bl 7.7
1 1 Mk 7.7
———="Ing,
T sz he

Research has shown that the monochromatic extinction coefficient of carbon
black is similar to that of ash particles in a luminous flame, represented by the
following formula:

_ CHe

K, =
AT

(7.8)

where L/, is the concentration of carbon black in the flue gas. Remember that
M = cl,, then:

Ky=MA™" (7.8a)
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—-Kjs

Based on &€ =1-¢"%#, the monochromatic emissivity of the flame can be

calculated as follows:

_Ms
811 =l-e A

s (7.9)
€, =l-e A

Hottel suggested that the power n can be 1.39 in Eq. (7.9), so:

1 1 Ak i
T T he "0 )
C
1 i‘ . s (7.10)
L1 _Aky e ¥
T sz ]’lC

Once the radiance temperatures 7y, and Ty, of the flame have been mea-
sured, the real temperature and coefficient Ms can be calculated according to
Eq. (7.10) and flame emissivity can be calculated using Eq. (7.9).

In the above method, the power n in Eq. (7.9) was assumed to be constant,
but it is different in real boilers based on different fuels, boiler structures, and
operation conditions. Sometimes, # is related to the distribution of carbon black
particles, which is dependent on fuel and combustion conditions. Basically,
there are errors inherent to applying this method to measure flame emissivity.

7.1.2 Auxiliary Radiative Resources

There are two types of auxiliary radiative resource: radiance adjustment, and
radiance nonadjustment.

When applying radiance adjustment methods to measure flame emissivity,
an auxiliary radiative resource is typically set on the opposite side of the optical
pyrometer face toward the flame, then its temperature is adjusted to ensure the
radiance temperature is constant with or without flame. Kirchhoff’s law asserts
that the radiance temperature Ty, of the auxiliary radiative resource equals the
real temperature of the flame, that is, the radiation intensity emitted by the aux-
iliary radiative resource and absorbed by the flame equals the radiation intensity
emitted by the flame. See the following:

I (l—ay)+1; =1 (7.11)

where «), is the monochromatic absorptivity of the flame, I, is the radiation
intensity of the flame, and I is the radiation intensity of the auxiliary radiative
resource.

The above formula can be rewritten as:

ol =1; (7.12)
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The monochromatic absorptivity of the flame can be obtained as such, which

is equal to monochromatic emissivity &, = a,:
’
1

€ (7.13)

If we apply a black body as the auxiliary radiative resource with radiation
intensity I, we can obtain the flame emissivity as follows:

’ (7.14)
U

When applying radiance nonadjustment methods to measure flame emis-
sivity, three separate radiation intensities must be measured: radiation intensity
I) of the flame only, radiation intensity 7 of the auxiliary radiative resource
without the flame, and radiation intensity I of the auxiliary radiative resource

penetrating the flame. Based on the energy conservation relationship:
17 =L +1; (1-0y) (7.15)
Then flame emissivity (if € = «,) is:

L+ -1

€) ,
Il

(7.16)

Eq. (7.16) can then be substituted into (7.6) after measuring the radiance
temperature 7}, of the flame to calculate the real temperature of the flame:

-1

I, +1, =17

T = L.,.ﬁm”—l (7.17)
Tb/’L he Ii

Of course, Eq. (7.2) can also be substituted into (7.16) to obtain the follow-
ing, given the temperature of Ty,, T,,, 7, is read using instruments:

E[l 1 he[ 11
gy = 1—e\ T T ) | M Ty T (7.18)

The real temperature of the flame can then be calculated as follows:

sid), )
r=] Ao T T (7.19)
Tbl I’ZC

7.2 RADIATIVE FLUX MEASUREMENT

It is very important to accurately measure radiative flux in the radiative heating
surface for the design and operation of both grate-firing boilers and suspension-
firing boilers, as it is the basis of reasonable scientific design, diagnosis, and
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operation, as well as a necessary condition for combustion examination. There
are many types of radiation heat flux meter (heat conductive, heat capacitive,
calorimetric, and others) that are employed according to related measurement
principles.

Radiation flux is the radiative energy emitted by media in the furnace as
it irradiates to the heating surface in unit time. In large-scale, pulverized coal
fired boilers used in power stations, technicians typically employ radiation py-
rometry to measure the distribution of radiative heat flux, thermal deviation
between heating surfaces, thermal efficiency coefficient, radiative heat trans-
fer coefficient of the panel heating surface, flame center position, temperature
distribution in the furnace, and other necessary factors. In medium-scale or
small-scale grate-firing boilers, radiation pyrometry is usually applied to test
the radiative ability of the fired bed, absorption and radiation of the furnace
surface, and central flame temperature. In CFB boilers, because the combustion
temperature is very low (usually below 950°C) and there is gas—solid flow with
high bed material concentration in the furnace, the share is almost the same for
both convective and radiative heat transfer—for this reason, we will discuss
the characteristics of local heat transfer instead of radiative heat transfer in the
following section.

7.2.1 Conductive Radiation Heat Flux Meter

Temperature differences between metal surfaces from hot to cool are character-
ized by thermal resistance controlled by thermal flux flow over the metal body;
the greater the heat flux, the steeper the temperature gradient is. This tempera-
ture difference can, as such, be measured in order to calculate the radiative heat
flux projected to the metal surface. This is the basic principle of the conductive
radiation heat flux meter.

A schematic diagram of the conductive radiation heat flux meter is shown
in Fig. 7.1. The hot end of the cylinder absorbs heat flux ¢ from the flame area,
where the temperature is #; and distance from the hot end of the cylinder is x;;
the cold part is cooled by water, where the temperature is 7, and distance from
the hot end of the cylinder is x,. Heat is transferred from the hot end to the cold

!
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FIGURE 7.1 Schematic diagram of conductive radiation heat flux meter. (a) Cylinder,
(b) Cooling structure (1) Heating surface, (2) Water inlet, (3) Water outlet.
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end by conduction. Because the cylindrical surface is isothermal, heat conduc-
tion occurs only in the axial direction of the cylinder in a one-dimensional man-
ner. Under steady-state conditions, Fourier’s law can be employed to calculate
one-dimensional heat flux conduction as follows:

g=-1 a (7.20)
dx
where A is the thermal conductivity of the cylinder material, and dr is the tem-
perature gradient along the heat flow. dx
If we know the temperatures ¢; and #, of the cylinder with the spacing along
the axial of x; and x,, we can determine heat flux g. Eq. (7.20) can be integrated
into the following:

qu dx = —J: Adt
or:

1 153
Adt (7.21)
Xy — X1 n

q=-

When the heat flux meter was designed, spacing between x; and x, was typi-
cally small. To this effect, the following average thermal conductivity can be
defined as

_ _[tzldt
A= (7.22)
L—1

The above formula can be substituted into Eq. (7.21) to form the following
formula for heat flux:

7 (1)
=A—=" 7.23
1 (2 —xp) ( )

7.2.2 Capacitive Radiation Heat Flux Meter

The rate of temperature increase in an area of heat measurement (such as the
plate of a heat flux meter) can be determined during the heating process to
determine the heat flux of irradiation. The heat flux of a heat flux meter can be
expressed as follows:

g= 5pC§—; (7.24)

where 6 is the thickness of the heat flux meter plate, p is the mass density of
the plate, C is the specific heat capacity of the plate, At is the increment of the
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plate temperature during time A7, and Ar is the rate at which the plate tem-
perature rises. At

When a millivoltmeter is employed to measure temperature, its heat flux can
be measured as follows:

1. Preset two temperatures in the millivoltmeter Ar=1¢, —1,.

2. Immerse the heat flux meter in boiled water (100°C).

3. Insert the heat flux meter immediately into the furnace.

4. Run a stopwatch, and record the time interval as the millivoltmeter passes
through the two temperature readings preset before.

5. Calculate heat flux g by plugging the data into Eq. (7.24).

7.2.3 Calorimetric Radiation Heat Flux Meter

Calorimetric radiation heat flux meters work by inserting a measuring unit into
a furnace with cooling water, then calculating the heat that the unit absorbs
from the furnace according to the increased enthalpy of the cooling water. Be-
cause the heat flux is calculated according to the heat that the water flowing
through the measuring unit absorbs from the furnace, this type of heat flux me-
ter is also called a “water circulating heat flux meter.” Please refer to Fig. 7.2
for a schematic diagram.

When measuring water flow rate 71, inlet temperature #, and outlet tempera-
ture 7, the heat flux of the heating surface is:

q=Cnt, —t;) (7.25)

where C is the specific heat capacity of water.

The response time of this type of heat flux meter is very short, usually about
10 s. Water temperature (#; and 7,) cannot respond as quickly, because it needs
much more time to become steady (ie, to reach heat balance).

7.3 TWO OTHER TYPES OF HEAT FLUX METER [34]

Flame emissivity and radiative heat flux measurement methods are described
earlier—these are suitable for measuring flue gas radiation in the furnace. The
heat pipe flux meter, a relatively novel type of heat flux meter, is also worth
discussing. As we know, the local heat transfer coefficient in a CFB furnace

Heat flow
— - - Cooling
- I7 EI water pipe

Cylinder temperature
measurement probe

FIGURE 7.2 Diagram of calorimetric radiation heat flux meter.
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—= | probe
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| I
Heat distributor | | | |

FIGURE 7.3 Structure of heat pipe heat flux meter.

reflects two types of heat transfer: radiation and convection. An example that
illustrates local heat transfer coefficient measurement in a CFB furnace using a
heat pipe heat flux meter is mentioned later.

7.3.1 Heat Pipe Heat Flux Meter

Because calorimetric radiation heat flux meters need to connect input and out-
put water tubes onsite, they are not convenient for use in boilers that are over a
few meters tall. Researchers from Xi’an Jiaotong University (China) developed
a heat flux meter, the heat pipe heat flux meter. See Fig. 7.3 for a diagram.

Based on vacuum phase-change heat transfer, the heat transfer ability of
heat pipes is 100 times that of copper pipes, and so can overcome the issue of
heat dissipation over a long distance. Therefore, the heat pipe heat flux meter is
applied with fins instead of water cooling tubes. Heat absorbed on the front face
of the probe is transferred to the distributer by conduction, then the distributer
transfers the heat to the vaporizing section of the heat pipe. The heat then dissi-
pates to the surrounding air from the fins located on the condensation section of
the heat pipe. The heat distributor is made of copper or aluminum, which have
high thermal conductivity, with two threaded ends connected to the cylinder
measurement probe and heat pipe, respectively. The heat the probe receives
from the furnace can be expressed as follows:

qqu(%dz) (7.26)

where gy is the heat load of the furnace heating surface, and d is the diameter
of the probe.

The maximum heat load of the heating surface in a boiler furnace is 6 MW/m?,
and the diameter of the probe is known, so it is possible to calculate the absorbed
heat g of the probe using Eq. (7.26).

After we calculate the heat measured by the heat pipe heat flux meter using
Eq. (7.26), the number of fins on the heat pipe must be determined to ensure
the probe dissipates heat appropriately from the furnace to the surrounding air.
Because the diameter of the heat pipe is usually very small, and the diameter of
the fin is about twice that of the heat pipe, we can assume that the temperature is
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the same on any point of the fin and in the media in the tube. The heat dissipat-
ing to the air can be determined as follows:

4 =hN n(D*-d?*)

(t1—1t) (7.27)
where g is the heat dissipating to the air, % is the convective coefficient between
the fin and surrounding air, D is fin diameter, d is heat pipe diameter, N is the
number of fins, #; is the temperature of media in the tube, and 1, is the surround-
ing air temperature.

The convective coefficient between the fin and surrounding air can be
assumed to be 10 W/m? K. Then the number of fins can be calculated from
Eq. (7.27) so that the fins can ensure ¢; = 1.2g. More detail regarding the design
and calibration of heat pipe heat flux meters is available, but not discussed in
this book due to space limitations.

7.3.2 Measuring Local Heat Transfer Coefficient in CFB Furnaces

There are immersed tubes in the density area of bubble fluidization bed boilers
(BFB boilers), so the heat transfer between the gas—solid flow and immersed
tubes poses a problem directly related to the safety of the structure and its hy-
drodynamic cycle. Although it is very important, we will not discuss this topic
here because BFB boilers are rarely applied in the industry currently. Interested
readers may consult our references.

Refractory materials cover the wall of the density area in a circulating flu-
idization bed boiler (CFB boiler) without immersed tubes; most of the heating
surfaces are located in the diluted area. Measuring the local heat transfer coef-
ficient of heating surfaces in the diluted area is the basis of engineering design
and verification for CFB boilers.

According to the two-phase flow heat transfer calculation introduced in
chapter: Heat Transfer in Fluidized Beds, the appropriate method for measuring
the local heat transfer coefficient of the heating surface in the diluted area is as
follows.

In the CFB boiler furnace, the heat transfer coefficient on the flue gas side
consists of two parts (with convection and radiation) expressed as follows:

h=h,+h,

where the convective heat transfer coefficient /. consists of a gas convection
component and a particle convection component:

he = hge + hyc
The radiative heat transfer coefficient /4, also consists of two parts:

hl‘ = hgr + hpr
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FIGURE 7.4 Schematic diagram of heat flux meter structure.

In practice, radiative/convective heat cannot be identified clearly due to its
complexity, so a radiative heat flux meter is typically applied to measure these
two values directly.

The heat transfer coefficient between the bed and wall can be calculated
according to the conductive heat, bed temperature, and wall temperature mea-
sured by conductive heat flux meter. The heat flux meter depicted in Fig. 7.4
can be applied to measure the local heat transfer coefficient in the circulating
fluidization bed. The probe in the heat flux meter is a carbon steel cylinder, in
which there are three thermocouples melted along the axis to measure axial heat
flux, and three thermocouples at a certain cross section along the outer radial
to measure radial heat flux. In practice, the heat flux meter is inserted along the
measuring hole to keep its end face aligning to the inner surface of the water
wall fin and receive the heat transferred from the bed. The other end of the
conductive unit in the heat flux meter is cooled by water. When the detector in
the heat flux meter reaches heat balance, the temperature field along the axis is
steady and axial heat flux g can be calculated. The detector is covered by insu-
lating materials.

After measuring the temperatures of the detector end surface and bed, the
heat exchange coefficient can be calculated as follows:

h=ql(ty—1,) (7.28)

Assuming the cylinder is a one-dimensional conduction heat transferer, the
temperature distribution along the axis of the heat flux meter is steady and the
heat flux is:

g=A-At/Al (7.29)

where A is the thermal conductivity of the probe, Al is the space between the
thermocouples along the axis, and At is the temperature difference.

The thermal conductivity of carbon steel changes with temperature, so the
thermal conductivity of the probe should be calibrated in the laboratory before
application.



Appendix A

Common Physical Constants of
Heat Radiation

Light velocity in vacuum ¢y = 2.9979x10%m/s
Planck constant h=6.6262%x107*7J s
Boltzmann constant k=1.3806x10"2J/K

First radiation constant of Planck spectrum radiation formula
¢, =0.59553x 103 W - um*/m?
¢, =0.59553x 10716 W -m?
Second radiation constant of Planck spectrum radiation formula

¢, =14388 um-K

Wien displacement law constant  ¢3 =2897.8 um-K
Stefan—-Boltzmann constant 0 =5.670x10W/(m? -K*)

Theory and Calculation of Heat Transfer in Furnaces. http://dx.doi.org/10.1016/B978-0-12-800966-6.00014-4
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Common Configuration Factor
Calculation Formulas [18,20]

The configuration factor from cell surface to cell surface is depicted below.
For two finite-length strips with parallel generatix (Fig. B1), the configura-
tion factor from ds to ds; Qgq, 4y, 1

Py s, = %d(sin ) axctan(ﬂ (B1)

where 6 is the included angle between the plane of the strip ds; and the line of
the two strips, z is the length of the strips, and [/ is the distance between the two
strips. For infinite-length strips (z — 0), this equation changes to:

1 .
d(pdsl Jdso (°°) = E d(SIH (P)

The following curve is given in the form of d@gq, 45, /dPys, 45, (0°) (Fig. B2).
The configuration factor ¢ ; 4 between two cell surfaces dA; and dA in the
surface of a hollow sphere is depicted in Fig. B3 and expressed as follows:

dAy

— B2
47 R? (B2)

Dj.dk =

where R is the sphere radius.
The configuration factor ¢, 4, between the cell rings of two parallel circular
flanges dA| and dA,(Fig. B4) in a cylinder is:
ol

Nl | B3
21 dp, P> 9

Aoy a4, =

where:
I(pyp2) =9, +[ 2(p — p3 + N})/K |

X arctam{[Ktan((%m)J(M2 +pi-2pipy+ Nf)};

Theory and Calculation of Heat Transfer in Furnaces. http://dx.doi.org/10.1016/B978-0-12-800966-6.00015-6
Copyright © 2016 Tsinghua University Press Limited. Published by Elsevier Inc. All rights reserved. 207



208 Appendix B

FIGURE B1 Two finite-length strips with parallel generatix.
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FIGURE B2 Configuration factor between two strips with parallel generatix.

FIGURE B3 Two cell surfaces in the surface of a hollow sphere.

FIGURE B4 Cell rings in two parallel circular flanges in a cylinder.
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1/2
K=[(p%+p§+N£)2—4pfp§} ;

¢,, = arccos(Ng/p;)+arccos(Ng/p, );

-
pl R()’
-
P2 Ry
NL=£,
Ry
NR=£,
Ry

where Ry is the radius of the circular flange, R; is the radius of the cylinder, L is
the distance between the two flanges, r; is the radius of cell ring dA;, and r, is
the radius of cell ring dA,.

The configuration factor ¢, ¢ from a cell ring surface at the top of a cylin-
der, concentric with the cylindrical surface to a cell ring surface in the cylindri-
cal surface and parallel to the top of the cylinder (Fig. BS) is:

P2oE2 R
2,2, p2\? 22 TP
[(5 +r +R) —4rRJ

Oaraz = 2ER? dé (B4)

where R is the cylinder’s radius, r is the radius of the cell ring in the top sur-
face, and & is the distance from the cell ring in the cylindrical surface to the top
surface.

dA NI 4

S IR - | 5
FIGURE B5 Configuration factor from a cell ring surface at a top concentric cylinder sur-
face to a cell ring on the cylindrical surface parallel to the top of the cylinder.
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FIGURE B6 Configuration factor from cell strip dA; to the rectangle with the same
length A,.

The configuration factor @ , from cell strip dA; to a rectangle with the
same length A, (Fig. B6) is:

1 1 sin2@ | I*(L*—2NLcos6+1+N?)
G452 =—qarctan| — |+ L 1n
o L 2 | (1+1%)(L* —2NLcos6 + N?)

—LsinBcosd| Z-6+ arctan(w)
2 Lsin@

1+ I*sin’ 6 J1+IZ%sin%6
NcosO—-L arctan( 1 j BS)
JI2 —2NLcosf+ N2 JI? —2NLcos6+ N2

where L = %, N = %, a and b are the width and length of the rectangle, respec-
tively, c is the distance from dA; to one edge of A,, and 0 is the angle between

dA, and the rectangle.
The configuration factor ¢, , from cell surface dA; to infinite plane A,
(Fig. B7) is:

G4 2 =%(1+cos(9) (B6)

b &

FIGURE B7 Configuration factor from cell surface dA to the infinite plane A,.
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FIGURE B8 Configuration factor from cell surface dA, to the ring surface A, vertical to it.

where 6 is the angle between cell surface dA; and plane A,.
The configuration factor @g, 4 from cell surface dA; to the ring surface A4
(Fig. B8) vertical to it is:

Oy 4 =0a, 20— Pa, 3

_H H?+R3+1 B H?+R?+1 (B7)
2| [(m2+ R +1)-4R3]" [(H2 + R +1) —4R? ]1/2

hi

h
where H = 7,R0 = r—O,R,- = 7; ro is the radius of the large ring plate, r; is the

/
radius of the small ring plate, / is the vertical distance from the cell surface to

the ring, and / is the transverse distance from the cell surface to the ring center.

The following is the configuration factor ¢, , from cell surface dA, to the
rectangle A, parallel to dA; (Fig. B9) and the normal line of dA; passing through
an angular of rectangle A,:

() 1{ X arctan Y + Y arctan X } (BS)
4,2 =5
"2m V14 X2 Vi+x? J1+7? JVi+Y?

b
where X = E, Y =—, a and b are the edge lengths of rectangle A,, and c is the
c c

distance from dA; to A,.

FIGURE B9 Configuration factor from cell surface dA, to the rectangle A, parallel to dA .
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Tlgd/ll

b

FIGURE B10 Configuration factor from cell surface dA, to the finite disc A, parallel to dA,.

The configuration factor ¢, , from a cell surface dA; to a finite disc A,
parallel to dA; (Fig. B10) is:

1 1+C2 - B2
Oa2=7- 2 2 2 22 (B9)
2 JCh+2C(1-BY)+(1+ B?)

R b . . . . . .
where B=—,C =—, R is the radius of the disc, a is the vertical distance from
a a

dA| to A,, and b is the transverse distance from dA, to A,.

The configuration factor @, , from cell surface dA, to rectangle A,
(Fig. B11), where the angle between dA; and A, is 0, 0 degree<§<180 de-
gree, is:

Pa, 2 = L{arctan(%)+V(N cos@— L)arctan V

2
+COSG arctan(iN_LCOS9)+arctan(Lcosej (B10)
w w w
1 ) c a
where V = , W=A~1+L"sin“0, L=—, N=—, a and b
\/N2+L2—2NL(:050 b b

are the lengths of two edges of rectangle A,, c is the distance from dA; to any
edge of A,, and 6 is the angle between dA; and A,.

r 3
7
-4,

FIGURE B11 Configuration from cell surface dA to the rectangle A,.
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FIGURE B12 Configuration factor from cell surface dA, to the surface A, formed by the
rectangle and right triangle A,.

The configuration factor ¢4, > from cell surface dA, to the surface A, being
formed by a rectangle and right triangle (Fig. B12), where dA, is near the short
edge of A,, is as follows:

2
Bur = L(ammn(l)+W {man[(K +1)+ K(N - Leos ﬂ)}
T2 L %

\%
_amtan[K(N—Lcos,B)}}_’_ cosﬂ[arctan(Lcosﬁ)
\% w w
+arctan(w)D (B11)
w

where V, W, L, and N are the same symbols labeled earlier, and K = tang3.
For two infinite-length planes with the same width A| and A, (Fig. B13), the
configuration factor from A; to A, can be calculated as follows:

(p12= 1+H2—H (B12)

where H =h/d.

For two infinite-length planes with different widths A; and A, (Fig. B14), the
bisector of plane A; faces the bisector of plane A, directly, so the configuration
factor from A to A, is calculated as follows:

1
=——|J4+(D+D,)? —\J4+ (D, — D))? B13
Q12 2Dl[\/ (D) + Dy) \/ (D, 1)] (B13)
4, 3 ' 4
hY? B 5
A, Y o A,

FIGURE B13 Configuration factor between FIGURE B14 Two infinite-length parallel
two infinite-length planes with the same planes A; and A, with different widths.
width A; and A,.
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FIGURE B15 Two infinite-length parallel planes with different widths.

1
®21 :—[\/4+(D1+D2)2 _\/4+(D1—D2)2] (B14)
2D,
where D =ﬂ and D, 2@.
h h

The configuration factor between two infinite-length parallel planes A; and
A, with different widths (Fig. B15) is:

Y1 \/1+(Y+X—22)2+\/1+(Y+X+22)2
¢ = X‘P21 T ox 72 72
\/ (X—Y—zz)2 \/ (X—Y+2Z)2}
S et S B PP i e
2 2

where X=£, Y=X,and Z=£.
h h h

(B15)

The configuration factor between two parallel, identical rectangles A; and
A, (Fig. B16) is:

Op =

2 2
2 {lr{(nx YA+Y .

1/2
) + X~/1+Y? arctan
XY 1+X%2+Y2

X
NIES ¢

Y
Y1+ X? arctan — X arctan X — Y arctan Y}

NIES'C

(B16)

where ng and Yzé.
h h

Consider two parallel rectangles (Fig. B17), where a rectangle A, faces a part of
another rectangle A, 4. Calculate the configuration factor from A, to A, 4 as follows:

1
Oi4) = 2_Al [A(1,3)(P(1,3)(2,4) +AQ — Az ] (B17)
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FIGURE B16 Two identical parallel rectangles. FIGURE B17 Two parallel rectangles.

The configuration factor between two rectangles with arbitrary length and
parallel edges A and A, in two parallel planes (Fig. B18) is:

1
D12 =—[f([3—b,5—c)—f(/3—a,5—c)
A

+fla—a,6—c)— fa—b,8—c)+ fla—b,y —c)

—fla—a,y =)+ f(B-a.y—c)—- f(B-b.y—0)
+f(B=b.y-d)- f(f-a.y—d)+ fla—ay-d)
—fla=b,y—d)+ f(a=b,6—d) - f(a—a,5 —d)

+f(B-a,0—-d)- f(B-b,0—-d) (B18)

where function f'is defined by the following equation:

h2 +v?

fo,8)= %(hvarctan% — E\h? + vtarctan

v +ﬁ nh2+v2+§2 BIS
N A (BI85

—vyJh? +&? arctan

Z] __b-_
\C/—-a7 i
L/4V S

W

@77

B

R/

FIGURE B18 Two rectangles with arbitrary length and parallel edges within two parallel
planes.
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7
FIGURE B19 Two infinite-length planes FIGURE B20 Two mutually perpendicular

with one common edge, equal width, and the infinite-length planes with one common edge
included angle 6. and different widths.

The configuration factor between two infinite-length planes with one com-
mon edge, equal width, and the included angle 6 (Fig. B19) is:

.0
G =¢ = 1—51115 (B19)

The configuration factor between two mutually perpendicular, infinite-
length planes with one common edge and different widths (Fig. B20) is:

b2 = Hoy, :%[1+H—\/1+H2] (B20)

where H = i
w

The configuration factor between two mutually perpendicular, infinite-
length planes with one common edge, different widths, and the included angle
0 (Fig. B21) is:

_hth-1

B21
2 (B21)

where [; and /, are the widths of the two infinite-length planes, and /5 is the
length between the external ends of A and A, in the plane perpendicular to the
common edge.

“

Iﬂl—l.-
FIGURE B21 Two mutually perpendicular, infinite-length planes with one common edge,
different widths, and the included angle 6.
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FIGURE B22 Two rectangles A; and A, with one common edge and the included angle 6.

The configuration factor between two rectangles A; and A, with one com-
mon edge and the included angle 6 (Fig. B22) is:

01 = i(— sin20 vy sin0+(£—9)(N2 ENE arctan(W)
L 2 Lsin6
cos260+cot26
s L—Ncosf\] sin26 (1+N2)(1+2) e
+N~ arctan - + In
Nsin6 4 1+ N2+ I[?—-2NLcos6

2
2(1+ N2+ 12 —2NLcos6) |
(14 L*)(N?*+1?>-2NLcos9)

N2sin?@ N2 1+ N2 cos20
+ In
4 N2+1%2-2NLcosO )\ 1+ N2 +1%*—-2NLcos6@

+Larctan(lj + Narctan(L)
L N

—N2?+ 12 —2NLcos8 arctan~/N2 + I> — 2NL cos 6

N cosO
N sin0sin 26 aretan J1+NZ?sin? 6
I 1+ N2 sin? +ANTsin
2 [ L—Ncos@ J
+arctan| ————

1+ N2%sin2 6
L T _1| N-—zcos
+cosGJ0 V1+z°sin“ 0| 187 | ——rs

1+z2sin2 6

+arctan __zeosb dz B22
1422 sin? 6 (B22)
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FIGURE B23 Two rectangles A, and A; in two planes with the included angle 6.

where N=ﬁ and L=£.
b b

Consider two rectangles A, and A in two planes with the included angle
0 (Fig. B23) where one group of edges is parallel to the arris, while one edge
of A, is the arris itself. The other pairs of edges of A, and A5 are in two planes
perpendicular to the arris. See the following:

A3z = Ar0r3 = A1 300,32 — AiPri2 (B23)

where @ 3),, ¢, are calculated from Eq. (B22).
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Example of Thermal
Calculation of 113.89 kg/s
(410 t/h) Ultra-High-Pressure,
Coal-Fired Boiler [17,21]

C1 DESIGN REQUIREMENT

1. Boiler rated capacity D; = 113.89 kg/s (410 t/h).
2. Steam conditions:

Superheated steam outlet pressure p,, = 13.7 MPa.
Superheated steam outlet temperature £, = 540°C.
Steam pressure in drum ¢, = 15.07 MPa.

Feed water temperature fq, = 235°C.

Feed water pressure py, = 15.6 MPa.

Blowdown percentage 6,4 = 1%.

Exhaust gas temperature 6, = 135°C.

Hot air temperature #,, = 320°C.

Ambient (cold) air temperature z., = 20°C.

PN R

C2 FUEL CHARACTERISTICS

1. Coal ultimate and proximate analysis on as-received basis:
Carbon C,, = 70.8%.
Hydrogen H,, = 4.5%.
Oxygen O, = 7.13%.
Nitrogen N, = 0.72%.
Sulfur S, =2.21%.
Ash A, =11.67%.
Moisture M,,, = 2.97%.
2. Volatile matter on dry ash-free basis V 4,y = 24.96%.

Theory and Calculation of Heat Transfer in Furnaces. http://dx.doi.org/10.1016/B978-0-12-800966-6.00016-8
Copyright © 2016 Tsinghua University Press Limited. Published by Elsevier Inc. All rights reserved.
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3. Ash fusion point properties:
tht > 1500°C.
tgy > 1500°C.
tgr > 1500°C.
4. Lower heating value on as-received basis Qqner, = 27797 kl/kg.

C3 BASIC BOILER STRUCTURE

The boiler is characteristic of a single-drum, natural circulation IT shape, and
dry bottom furnace. The furnace is in the front of the boiler, surrounded by a
membrane wall. A platen superheater is positioned in the furnace exit, a two-
stage convection superheater is located in the horizontal flue gas passage, and a
two-stage economizer and two-stage air preheater are arranged in the back-end
shaft. The horizontal flue gas passage and reversing chamber are covered by a
membrane wall. The system is illustrated in Fig. C1.

The furnace section is square, surrounded by a membrane wall. The lower
tubes of the front and rear membrane wall are bent 50 degrees to the horizontal
line to form the dry bottom hopper. The rear membrane wall bends at the fur-
nace exit to form the furnace nose with a 35 degree up-dip angle and 30 degree
elevation angle. The membrane wall then separates into two parts: one rises
vertically upward through the horizontal flue gas passage and enters the upper
heater at the rear membrane wall, and the other goes upward with the same
up-dip angle to form slope wall tubes at the bottom of the horizontal flue gas
passage, then enters the upper header of the enclosure wall tubes. This system
is depicted in Fig. C2.

The boiler employs a radiation superheater, convection superheater, cross
connected piping, and a two-stage attemperator. The superheater includes roof

XX

A4

FIGURE C1 Diagram of boiler structure.
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FIGURE C2 Size of furnace structure.

tubes, wall tubes, a platen superheater, and a two-stage convection superheater.
Saturated vapor leaving the drum is introduced into the inlet header of the roof
tubes through connecting piping, then enters the middle header of the roof tubes
at the horizontal flue gas passage outlet through the roof tubes, where the satu-
rated vapor is then divided into two paralleled routes.
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One route is formed by 98 ¢51X5.5 tubes with 100 mm spacing, moving
first backward and then downward, and then entering the lower header of the
rear enclosure wall tubes to serve as the roof tubes and rear enclosure wall tubes
of the reversing chamber. The steam then enters the lower header of the rear
side enclosure wall tubes through the wrought square bent at both sides of the
header, then flows through the two rear side walls of the tube-covered reversing
chamber, and finally arrives at the upper header of the side wall tubes.

Through another route, the steam is introduced to the lower header of the
front enclosure wall tubes through connecting pipes, then introducted into the
lower header of the front side enclosure wall tubes through branch connecting
pipes. The steam then enters the upper header of the side wall tubes through the
side wall horizontal flue gas passage, then enters the inlet header of the low-
temperature superheater from the upper header of the side wall tubes through
connecting pipes. The steam then enters the outlet header of the low-tempera-
ture superheater, countercurrent flowing along the flue gas passage. The steam
then comes out of the header and is cooled by the first-stage attemperator. Then
the steam is introduced into the 14-part platen superheater through the mixing
heater and connecting pipes. The horizontal transverse distance of the panels is
700 mm, and the steam flows downstream in the panels. After leaving the panels,
the steam enters the mixing header and two high-temperature inlet headers after
which the steam separately countercurrent passes the left and right quarter areas
of the flue gas passage, to form the cooler stage of the high-temperature con-
vection superheater. The steam then enters the respective two second stage
desuperheaters; after cross-connection the steam concurrently pass through
the remaing 1/2 area in the middle of the flue gas passage to form the hotter
stage of the high-temperature superheater. Finally, the steam enters the outlet
header of the high-temperature superheater and is introduced into the steam
header via connecting pipes, and the superheated steam enters the turbine from
either side of the vapor header. The superheater system is illustrated in Fig. C3.

The economizers are located in the back-end shaft by upper and lower stag-
es. The working medium flows countercurrent from top to bottom. The upper
economizer is divided into left and right parts, as is the lower economizer. To
reduce any abrasion of the heating surfaces by ash in the flue gas, guard tiles are
attached to the upper two rows and side two rows of the heating surfaces of the
upper and lower economizers.

The air preheater is a vertical, tubular structure that is arranged in two stag-
es. The upper stage has one pass and the lower stage has three passes. Consid-
ering the level of corrosion that occurs at low temperatures, the lowest pass
possible is designed for the tube box to minimize maintenance (or replacement).
The second and third passes are in one tube box but partitioned by a middle tube
sheet. Due to structure and system requirements, the flue gas is divided into four
parts (two parts for the upper stage) in the horizontal section when the air flows
countercurrent with flue gas from the front/rear wall of the lower stage to the
front/rear walls of the upper stage.



Appendix C 223

Steam drum
REEEREREE RN N
———r‘—_—
[ T Platen
el inlet mixture
\heuder
Primary | Secondary
desuperheater | desuperheater
Secondary | (left)
desuperheater [ a%s%aN ] Primary
ight T :
(right) : 7 N D desuperheater
HTS inlet —— [ 1 H— HTS inlet
o N — - 7S o
Steam header —1 eader
= =74
LTSinlet | _———=———"""_ | TH-LTS outlet
header ———I= ] header
. ‘ f + ‘ Side wall
Side wall [ ! tube upper
tube upper + + header back
header back I )
| /l' * * Sige wall
Frontwall ~|| ¢ ] fube Upper
tube lower heades
header
. Back wall  Side wall
Roof tube :
: ; tube lower  tube upper
middle header 0" hcadcrp i

FIGURE C3 Systematic diagram of superheater.

C4 AUKXILIARY CALCULATION

Thermal calculation can be performed using a computer in the following
stepwise process. Due to the impact of the significant figures (rounded),
computed results may have slight differences from those obtained by hand
calculation.

1. Calculate the volume of combustion products.

The theoretical air volumes and combustion product volumes from the com-
plete combustion of coal are listed in Table C1.

2. Construct an air balance and enthalpy—temperature table.

The excess air coefficient in the flue gas passage, air leakage factor of the
heating surfaces, and combustion products volume of different excess air co-
efficients are shown in Table C2, the enthalpy—temperature table of different
excess air coefficients is shown in Table C3, and boiler thermal balance and fuel
consumption calculation processes are shown in Table C4.
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TABLE C1 Coal-Combustion Product Volumes and Theoretical Air Volumes

Formulae and data

No. Parameter Symbol Unit source Result

1 Theoretical Iz Nm?®/kg 0.0889(C,, + 7.3229
volume of air 0.375S,) + 0.265H,, —

0.03330,,

2 Theoretical VR, Nm?/kg 0.79V0 + 0.8N,/100 5.7908
volume of N,

3 Theoretical Vio Nm?/kg 0.111H,, + 0.6542
volume of 0.0124M,, +
water vapor 0.0161\°

4 Theoretical Vio, Nm?/kg 1.866(C,, + 1.3366
volume of 0.375S,,)/100
Co,

5 Theoretical vy Nmkg Vo, +V&, +VPo 7.7816
flue gas
volume

6 Fly ash ag - Refer to Appendix 0.95
fraction D6.1

7 Fly ash Mia kg/kg A X ag/(100G,) 0.1109
concentration

8 Converted Aure gM) 10000 ,/Qyp et p 4.1983

ash content

C5 COMBUSTION CHAMBER AND HEAT TRANSFER
CALCULATION

The structure design of the combustion chamber (furnace) and platen super-
heater are shown in Table C5.

The structure/size of the furnace is shown in Table C6.
The thermal calculation of the furnace according to the above structure/size

is shown in Table C7.

Refer to the basic furnace design procedure.
The following describes the basic furnace design procedure step-by-step.

. Determine furnace volume heat release rate and sectional thermal load, and
calculate furnace volume and sectional area via equations.

. Determine the width and depth of the furnace. When burners are corner-
arranged, the aspect ratio should not be larger than 1.2.

. Determine the structure/size of the furnace’s dry bottom hopper and top.
The inclination of the dry bottom hopper should not be less than 50 degrees
to ensure ash falls smoothly. The exit window height of the furnace exit is
determined by outlet gas velocity, which is approximately 6 m/s. The length



TABLE C2 Flue Gas Characteristics

Parameter Symbol Unit
Excess air o’ =
coefficient of

flue inlet

Excess air o =
coefficient of

flue outlet

Average excess a, e =

air coefficient

of flue

Excess air AV Nm?/kg
volume

Water vapor  Vji,0 Nm?/kg
volume

Flue gas total ~ V, Nm?/kg
volume

Total flue gas V" Nm?/kg

volume at exit

Formulae and
data source

(' +a”)/2

(aave_‘I )VO

VE!ZO +
0.0161(atge—1)V0

Ve + (0= 1V +

0.0161(ae—1)V°

Ve + (@’ =1V +
0.0161(@”—1)\V

Platen
super-
heater
1.20

1.20

1.465

0.678

9.27

9.27

High-
temper-
ature
super-
heater

1.20

1.2150

1.574

0.680

9.49

Low-
temper-
ature
super-
heater
1.23

1.26

1.2450

1.794

0.683

9.60

9.72

Reversing
chamber

1.26

1.26

1.26

1.904
0.685
9.72

9.72

Upper
stage
econo-
mizer

1.26

1.28

1.27

1.977
0.686
979

9.87

Upper
stage air
preheater

1.28

1.31

1.295

2.160
0.689
9.98

10.09

Lower
stage
econo-
mizer

1.31

2.343

0.692

10.16

10.24

Lower
stage air
preheater

1.33

1.36

1.345

2.526
0.695
10.35

10.46

(Continued)

D xipuaddy

L rad



TABLE C2 Flue Gas Characteristics (cont.)

Parameter

Volume
fraction of

Volume
fraction of
water vapor

Volume
fraction of
triatomic gas

Flue gas mass
of 1 kg fuel

Flue gas
density

Dimensionless s,

concentration

of fly ash

Symbol Unit
RO, -

'H,0 -

iy -

(e kg/kg
Py kg/Nm?

kg/kg

Formulae and
data source

VR,o/Vg

(Vio + V20, +
Vgoz)/vg

1-A,/100 +
1.3060ar,,,V°

Gy/Ve

Mfa = Aar X ag/
(1 OOGg)

Platen
super-
heater

0.144

0.0731

0.217

12.36

1.333

High-
temper-
ature
super-
heater

0.142

0.0724

0.215

12.50

1.333

0.00897 0.00887

Low-
temper-
ature
super-
heater

0.139

0.0711

0.210

12.79

1.332

0.00867

Reversing
chamber

0.138

0.0705

0.208

12.93
1.331

0.00857

Upper
stage
econo-
mizer

0.137

0.0701

0.207

13.03

1.331

0.00851

Upper
stage air
preheater

0.134

0.0691

0.203

13.27
1.330

0.00836

Lower
stage
econo-
mizer

0.132

0.0681

0.200

13.51

1.329

0.00821

Lower
stage air
preheater

0.129

0.0671

0.196

13.75
1.328

0.00807

Note: the excess air coefficient of the platen superheater exit was selected from Appendix D6.2, and the excess air coefficients of other heating surface outlets were
selected from Appendix D6.3.

D xipuaddy  9zg



TABLE C3 Flue Gas/Air Enthalpy-Temperature Table

Temper-
aturef
(§(®)]
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500

Vko, = 1.3366
(m3/kg)

Ccof
(k)/m?)
169.7

357.0

558.0

770.8

994.8

1220.6
1458.8
1701.3
1947.9
2198.7
2453.7
2712.8
2972.0
3235.3
3498.7

Iro, =
Vko,
Ceo,f
(k)/kg)
226.8
477.2
745.8
1030.2
1329.6
1631.4
1949.8
2273.9
2603.5
2938.8
3279.6
3625.9
3972.4
4324.3
4676.3

Vi, = 5.7908
(m3/kg)

Cuyf
(k)/m?)
129.6
259.6
3913
525.8
663.0
802.6
944.7
1091.0
1241.5
1391.9
1542.4
1692.9
1847.6
2006.4
2161.1

In,= VN,
Cn,0 (k)/
kg)
750.5
1503.3
2265.9
3044.8
3839.3
4647.7
5470.6
6317.8
7189.3
8060.2
8931.8
9803.3
10699.1
11618.7
12514.6

Vi,o = 0.6542
(m3/kg)

Ciyof
(k)/m?)
150.5
303.9
461.9
625.3
793.4
965.6
1145.3
1333.4
1521.5
1722.2
1922.8
2127.6
2340.8
2554.0
2775.5

0=
Vi,0
Cityof
(k)/kg)
98.5
198.8
302.2
409.1
519.1
631.7
749.3
872.3
995.4
1126.7
1257.9
1391.9
1531.4
1670.9
1815.8

Gi, = 0.1109
(kg/kg)

I =
(& Cia0Gsa
&)/md)  (kJ/kg)
80.7 8.9
168.9 18.7
2633 29.2
359.5 399
457.7  50.7
559.3  62.0
661.3 733
765.8 84.9
873.6 96.9
982.3 108.9
1095.2 121.4
1203.8 133.5
1358.5 150.6
1580.0 175.2
1755.6 194.6

1§ (kJ/kg)
15 = Io,
+ 1IN, +

o + I
(k)/kg)

1075.8
2179.3
3314.0
4484.1
5688.0
6910.9
8169.7
9464.1
10788.3
12125.7
13469.3
14821.1
16202.9
17613.9
19006.7

Ve =7.3229
(m3/kg)

Gyt (k)/

md)
132.0
265.9
402.1
540.9
683.0
828.5
978.1
1128.6
1279.1
1433.7
1592.6
1751.4
1910.3
2073.3
2236.3

n-
VACit
(k)/kg)
966.6
19472
29445
3960.9
5001.5
6067.0
7162.5
8264.6
9366.7
10498.8
11662.4
12825.3
13988.9
15182.5
16376.1

a;;sh

1.2
1269.1
2568.7
3902.9
5276.3
6688.3
8124.3
9602.2
11117.0
12661.6
14225.5
15801.8
17386.2
19000.7
20650.4
22281.9

a;;csh

1.23
1298.1
2627.1
3991.2
5395.2
6838.4
8306.3
9817.1
11364.9
12942.6
14540.4
16151.7
17770.9
19420.3
21105.9
22773.2

Iy =1+l
0‘;’csh 0Ll"’c
1.26 1.26

1327.1 13271
2685.5 2685.5
4079.5 4079.5
5514.0 5514.0
6988.4 6988.4
8488.3  8488.3
10031.9 10031.9
116129 116129
13223.6 13223.6
14855.4 14855.4
16501.5 16501.5
18155.7 18155.7
19840.0 19840.0
21561.3 21561.3
23264.5 23264.5

+ @ =1
0‘;’eco 0‘Is,pah
1.28 1.31

1346.4 1375.4
27245 27829
4167.6 4226.8
5633.1 5712.0
7088.4 7238.5
8609.6 8791.7
10175.2 10390.1
11778.2 12026.1
13410.9 13691.9
15065.4 15380.3
16734.8 17084.7
18412.2 18797.0
20119.8 20539.4
21865.0 22320.5
23592.0 24083.3

a;)'eco 0‘;;pah

1.33 1.36

1394.8 1423.8
2821.8 2880.3
4285.6 4374.0
5791.3 5910.1
7338.5 7488.6
8913.0 9095.0
10533.3 10748.2
12191.4 12439.3
13879.3 14160.3
15590.3 15905.3
17317.9 17667.8
19053.5 19438.2
20819.2 21238.9
22624.1 23079.6
24410.8 24902.1

(Continued)



TABLE C3 Flue Gas/Air Enthalpy-Temperature Table (cont.)

Temper-
aturef
(°C)
1600
1700
1800
1900
2000
2100
2200

Note: Because 1000 X A, X a/Qqpnerp = 1000 X 11.67 X 0.95/27797 = 0.399<1.43*%, the enthalpy of fly ash is negligible during flue gas enthalpy calculation. Refer to Appendix D6.4.

Vko, = 1-3366
(m*/kg)

Cco)f
(k)/m?)
3762.0
4029.5
4297.0
4564.6
4836.3
5108.0
5379.7

Iro, =
Vko,
Ceo,f
(k)/kg)
5028.3
5385.8
5743.3
6101.0
6464.2
6827.3
7190.5

Vi, = 5.7908
(m/kg)

Cryf
(k)/m?)
2319.9
2478.7
2637.6
2800.6
2959.4
31225
3285.5

In, = Vi,
Cn,0 (k)/
kg)

13434.1
14353.7
15273.9
16217.8
17137.4
18081.9
19025.8

Vh,0 =

0.6542

(m3/kg)

Ciiyol
(k)/m?)
2997.1
3222.8
3452.7
3682.6
3920.8
4154.9
4393.2

h,0=
Vi,0
Cinyof
(k)/kg)
1960.8
2108.4
2258.8
2409.3
2565.1
2718.2
2874.1

G, = 0.1109
(kg/kg)

C
(k)/m?)
1872.6
2060.7
2182.0
2382.6
2508.0

gas enthalpy is calculated by linear interpolation when this table is used.

I =
Cia0Gsa
(k)/kg)
207.6
228.5
241.9
264.1
278.0

1§ (kj/kg)
15 = Iro,
+ N, +

o + I
(ki/kg)

20423.2
21848.0
23276.1
24728.0
26166.6
27627.4
29090.4

V0 = 7.3229
(m3/kg)

C,t (k)/
md)

2399.3
2562.3
2725.4
2892.6
3059.8
3227.0
3394.2

.-
VaGt
(i/kg)
17569.8
18763.4
19957.7
21182.1
22406.5
23630.9
24855.3

a;;sh

1.2

23937.1
25600.6
27267.6
28964.5
30647.9
32353.6
34061.4

a;;csh

1.23

24464.2
26163.5
27866.3
29599.9
31320.1
33062.5
34807.1

"
Xscsh

1.26

24991.3
26726.4
28465.1
30235.4
319923
33771.4
35552.7

Iy =13+l

"
Qrc

1.26

24991.3
26726.4
28465.1
30235.4
31992.3
33771.4
35552.7

4e

"
Xseco

1.28

25342.7
27101.7
28864.2
30659.0
32440.4
342441
36049.8

@ =18

0‘Is,pah

1.31

25869.8
27664.6
29463.0
31294.5
33112.6
34953.0
36795.5

"
Qpeco

1.33

26221.2
28039.9
29862.1
31718.1
33560.8
35425.6
37292.6

®ppah

1.36

26748.3
28602.8
30460.9
32353.6
34233.0
36134.5
38038.3

Flue



Appendix C

TABLE C4 Thermal Balance and Fuel Consumption

=

S U1 AW N

10
11

12

13

14

15
16

17

18

19
20

21

22
23

*Similar to lower heating value, as a calculation reference.

Parameter

Heat input by fuel

Exhaust gas temperature
Exhaust gas enthalpy
Cold air temperature
Cold air enthalpy

Heat loss due to unburnt
carbon

Heat loss due to gas
incomplete combustion

Heat loss due to exhaust
gas

Heat loss due to furnace
wall radiation and
convection

Physical heat loss of ash

Heat preservation
coefficient

Sum of heat loss

Thermal efficiency by
energy balance method

Superheated steam
enthalpy

Feed waster enthalpy

Saturated temperature
in drum

Saturated steam enthalpy
indrum (x=1)

Saturated water enthalpy
in drum (x = 0)

Blowdown percentage

Flow rate of superheated
steam

Heat absorbed by steam

Actual fuel consumption

Design fuel consumption

Symbol
Qin

Qrad

Qph

2q
Uy
i%

ffw

i
IS

Bcal

Unit
kikg

°C
ki/kg
°C
ki/kg
%
%
%
%
%
%
%
%

ki/kg

ki/kg
°C

ki/kg
ki/kg

%
kg/h

k)/s

kg/s
kg/s

Formulae and data
source

*Similar to lower
heating value

Design specification
See Table C3

Design specification
See Table C3

Refer to Appendix D6.1

Refer to Appendix D6.1

(Iex_aexlca)“ -
quc/1 00)1 OO/Qar,nch

Refer to Appendix D6.5

Refer to Appendix D6.6
1-G1aa/100

Gex t Gug + Guc + Gph
+ Grad
100-2q

See Standard Steam
Table

See Standard Steam Table

See Standard Steam
Table

See Standard Steam
Table

See Standard Steam
Table

Determine from design

Determine from design

[Dss(i;/sfifw) + Dssabd(is’7
Qb/( anar,net,p)
B(1-G4/100)

229

Result
27797

135
1933.5
20
193.3
1

5.95

0.40

0.996

7.35

92.65

3437.5

1016.1
342.53

2608.9

1612.9

1
410000

276445.7

10.73
10.63
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TABLE C5 Structure Design of Furnace and Platen Superheater

Parameter

Furance volume
thermal load

Calculated
furnace volume

Furnace sectional
thermal load

Calculated
furnace cross
section area

Aspect ratio of
furnace section

Furnace width

Furnace depth

Dry bottom
hopper inclination

Dry bottom
hopper outlet
depth

Outlet size of
membrane wall
at dry bottom
hopper

1/2 Dry bottom
hopper height

Dry bottom
hopper volume

Furnace nose
length

Furnace nose
up-dip angle
Furnace nose
elevation angle

Platen superheater
tube diameter

Symbol
v

Vf,cal

Ga

At cal

3

alb

Owch

bwch

lwch

hwch

Vwc h

d

Unit
W/m?

Formulae and data
source

*Refer to Appendix
D6.7

1 OOOBcaIQar,net,p/qv

*Refer to Appendix
D6.8

1000841 Qapnet,p/Ga

Determine according
to a/b = 1~1.2, square
is the best

Determine the value
of a to make a/b = 1

Af,cal/a

Geometric structure
calculation can be
completed by the
reader

Geometric structure
calculation can be
completed by the
reader

Geometric structure
calculation can be
completed by the
reader

Geometric structure
calculation can be
completed by the
reader

Calculate frustum
volume from 0.5hy,c,

*Refer to Appendix
D6.9

*Refer to Appendix
D6.9

*Refer to Appendix
D6.9

Determine from design

Result
120000

2486.47

3050000

96.85

9.841

9.841
50

1.08

5.461

2.610

156.97

25

35

30

42
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TABLE C5 Structure Design of Furnace and Platen Superheater (cont.)

No.

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Parameter

Platen superheater
tube wall
thickness

Working medium
mass flux in
platen superheater
tubes

Total flow area of
platen superheater
tubes

Area of single
tube of platen
superheater

Calculated platen
superheater tube
number

Platen superheater
tube number

Platen superheater
transverse spacing

Calculation platen
superheater sheet
number

Platen superheater
sheet number

Calculated tube
number of single
sheet of platen
superheater

Number of
concurrent bent
panel tubes

Pass number of
single sheet of
platen superheater

Platen superheater
longitudinal
spacing

Platen superheater
minimum bending
radius

Symbol
o

PO

Neal

Si

ZI cal

)

Z

Nical

m

Unit

mm

kg/

(m?-s)

Formulae and data
source

Determine from design

*Refer to Appendix
D6.10

(DD gw2)/(3600
po) (Suppose
Dgwy = 0.02Dy)

nd?/4(d is inner
diameter)

AJA;

Round from ngy
*Refer to Appendix
D6.11

Determine from a/s;—1

Round from Z, .

Determine from n/Z,

Determine from nj ¢,

Determine from design

*Refer to Appendix

D6.12

*Refer to Appendix
D6.13

Result
5

1000

0.1116

0.00080

138.78

139.00

700

13.1

14

99

10

50

80

(Continued)
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TABLE C5 Structure Design of Furnace and Platen Superheater (cont.)

No.

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Parameter

Vertical spacing of
platen superheater
bottom

Row numbers
of longitudinal
bypass

Platen superheater

depth

Distance from
platen superheater
back side to
furnace nose

Gas velocity at
furnace exit

Gas temperature
at furnace exit

Flow area of
furnace exit

Furnace nose
outlet height

Vertical part
height of furnace
nose

Height of platen
superheater

Distance from
high-temperature
superheater to
platen superheater

Calculated height
of flue duct of
high-temperature
superheater

Furnace nose
downward
inclination angle
height

Height of furnace
top

Symbol

S3

/ p-ssh

h scs,C

hta, b

Unit

mm

m/s

°C

Formulae and data
source

*Refer to Appendix
D6.12

Determine from design

See Fig. C4 (two tubes
are directly joined to
prevent overheating)

Determine from design

*Refer to Appendix
D6.14

Trial and error
Bca|Vg/a)g X
(0" +273)/273
Aela

*Refer to Appendix
D6.9

R+hfa

Determine from design

See Fig. C2

I;,tan30°

Since furnace top is
designed, hy, + hy,p, is
calculated according
to the graph

Result
60

2.3

0.1

6.2

1115

80.78

8.208

0.2

8.408

7.508

1.443

9.852
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TABLE C5 Structure Design of Furnace and Platen Superheater (cont.)

Formulae and data

No. Parameter Symbol Unit  source Result
45 Furnace top Vin m? Furnace top is 408.88
volume 1 designed, calculate
according to the
graph
46 Furnace top Vi m? Furnace top is 104.99
volume 2 designed, calculate
according to the
graph
47 Furnace top Vie m? Furnace top is 513.87
volume designed, calculate
according to the
graph
48 Main body Vi m? Vi ViViueh 1815.62
volume
49 Furnace main hg m Vi —ViViveh/Af cal 18.747
body height
50 Loop number of D\ - Determine according 4
front and rear wall to the heating length
water wall of each loop <2.5m
51 Loop number of Loy - Determine according 4
left and right side to the heating length
wall water wall of each loop <2.5m
52 Tube diameter of d mm Determine from design 60
water wall
53 Tube thickness of & mm Determine from design 5
water wall
54 Tube spacing s mm Determine from design 80
55 Tube number of n, = Determine from a/s, 123
front and rear must reasonably cover
walls the furnace
56 Tuber number of n, - Determine from b/s, 123
left and right walls must reasonably cover
the furnace
57 Roof tube d mm Determine from design 51
diameter
58 Roof tube B mm Determine from design 5
thickness
59 Roof tube spacing  s;o0f mm Determine from design 100
60 Roof tube row Zroof - Determine from a/s,,,;, 98
number need to cover the

furnace top reasonably



234  Appendix C

TABLE C6 Structure/Size of Furnace

Formulae and

No. Parameter Symbol Unit data source Result

1 Water wall tube d mm  See Table C5 60
diameter

2 Water wall tube B mm  See Table C5 5
thickness

3 Water wall tube s mm See Table C5 80
spacing

4 Furnace width a m See Table C5 9.841

5 Furnace depth b m See Table C5 9.841

6 Furnace height H m See Fig. C2 (from dry 31.209

bottom hopper center
line to furnace roof

center line)
7 Dry bottom hopper  Hyep m? 4@ + lyep)2 X hyen =4 79.89
area X (9.841 + 5.461)
X 2.610+2
8 Single side wall Hay m? (Vica=Vaven)/a = (2486.47 236.71
area -156.97)+9.841
9 Front wall area Hpy m? alh—hy,qp,) = 9.841 281.44
X (31.209-2.610)
10 Rear wall area Hiy m? alli/cos(Ogy) + hel = 212.90
9.841 X [2.5+c0s30°
+ 18.747]
11 Area of furnace Hie m? a(hy + by, + 8¢,) = 9.841 106.37
exit window X (8.408 + 2.3 +0.1)
12 Covered area of Hroof m? a(b-by, + 8;,) = 9.841 73.23
furnace top X (9.841-2.3-0.1)
13 Refractory belt Hp m? Approximate value from 0
area design
14 Furnace total area He m? 2Hgy + Hiy + Hpg + Hie 1227.24
+ Hroof + Hrb + chh
15 Area of doors and Heh m? Empirical value from 12.00
holes design
16 Furnace X - Determine from design 1
configuration factor
17 Radiation heating H, m? X(Fe=Fmp) 1215.24
area of furnace
18 Thickness of s m 3.6 X VfcalHE 7.29

effective radiation
layer



TABLE C7 Furnace Thermal Calculation

No.

1

10

11

12

13

14

15

16

17
18

Parameter

Hot air temperature

Hot air theoretical
enthalpy

Furnace air leakage
factor

Air leakage factor
of coal pulverizing
system

Cold air temperature

Theoretical cold air
enthalpy

Excess air coefficient
on air side

Heat input by air
sensible heat

Heat input by 1 kg
fuel

Theoretical

combustion
temperature

Furnace outlet gas
temperature

Furnace outlet gas
enthalpy

Mean diameter of ash
particle

Mean overall heat
capacity of the
combustion products

Volume fraction of
water vapor

Voume fraction of
triatomic gases

Gas density

Furnace pressure

Symbol  Unit
tha °C

PPha ki/kg
Aagp =

Aag -

fen °C

PPea ki/kg

B an -

Qair ki/kg
Q ki/kg

0, °C

A K

0" °C

I ki/kg
dra pm

VC k)/(kg-°C)
'n,0 -

In -

Py kg/Nm?
p MPaA

Appendix C

Formulae and
data source

Determine from
design

See Table C3

Refer to Appendix
D6.3

Refer to Appendix
D6.15 (medium-
speed mill)

Determine from
design

See Table C3
a"—(Aag + Aayg)

B,,ahlga + (AO‘F +
Aams)loca

Qi x (1 Oo_qug_qrad_
quc)/(] 00—quc) + Qair

See Table C3
according to Q,

273 + 0,

Assumef/trial and error
See Table C3

Refer to Appendix
D6.16 (medium-
speed mill)

(Q-1")/(6,-6")
See Table C2
See Table C2
See Table C2

Determine from
design

235

Result
320

3147.8

0.05

0.04

20

193.3

1.11

3511.5

31308.5

2038.7

2311.7
1115

16041.5

16

16.53

0.0731
0.2173
1.333

0.1

(Continued)



236  Appendix C

TABLE C7 Furnace Thermal Calculation (cont.)

No.

19

20

21

22

23

24

25

26

27

28

29

30

31
32

33

34

35

36

37

Parameter

Partial pressure of
triatomic gases

Product of p, and s

Radiant absorption
coefficient of gas

Radiant absorption
coefficient of fly ash

Radiant absorption
coefficient of coke
particles

Demensionless
number

Demensionless
number

Radiant absorption
coefficient of flame
radiation

Exponent of Eq. (2.73)
Furnace flame
emissivity

Water wall fouling

factor

Average thermal
efficiency coefficient

Furnace emissivity

Burner height

Height from dry
bottom hopper to
center of furnace exit

Burner relative height

Parameter

Relative height of
flame center

Flame center
modification factor

Symbol

X1

X2

kps

aj

Wave

ar
hy,

he

Xb

Xl

Unit
MPaA

m-MPaA
1/(m-MPa)

1/(m-MPa)

1/(m-MPa)

I/(m-MPa)

Formulae and
data source

pry

pras

10.2[(0.78 + 1.6r4,0)/
(10.2p,5)°5-0.1]
(1-0.37T"/1000)

48350py/(T"d, )"

Refer to Appendix
D6.17

Refer to Appendix
D6.18

Refer to Appendix
D6.19

kgrn+kfa:u'fa +kcoX1X2

Kps
1 _e—sz

Refer to Appendix
D6.20

{x

é‘lfl/[l//ave(I —ag)+ agl

Empirical data deter-
mined from design

See Fig. C2

hy/hg
Refer to Appendix
D6.21

Xb+AX

B—Cxg, refer to
Appendix D6.21,
B=0.59,C=0.5

Result
0.0217

0.159

3.00

74.00

10.2

0.5

0.1

1.827

1.332

0.736

0.45

0.45

0.861
7.110

26.283

0.271

0.271

0.455
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TABLE C7 Furnace Thermal Calculation (cont.)

Formulae and

No. Parameter Symbol  Unit data source Result

38  Furnace outlet gas 2 °C TAM X (0T, 1115.2
temperature apH W,/ (B VO)1%©

+1}-273

39  Furnace outlet gas 1" ki/kg See Table C3 16042.0
enthalpy

40  Radiative absorbed Q, kl/kg o(Q 1" 15205.4
heat of furnace

41 Thermal load of - kW/m? B Q/H, 133.0
radiation heating
surface

42 Furnace outlet gas A °C 0”07, -0.16

temperatu re error

of the furnace exit nose is generally determined as 1/4—1/3 of the furnace
depth. The up-dip angle is 20—40 degrees, and downward inclination angle
(elevation angle) is 20-30 degrees.

. Calculate the height of the main body of the furnace.

According to fuel charateristics and combustion modes, determine burner
type and design the burner arrangement.

. Determine the water wall structure and recalibrate structure/size, furnace

volume heat release rate, and sectional thermal load. Draw the furnace struc-
ture sketching.

. According to the above furnace structure, perform the verified thermal cal-

culation and determine furnace outlet gas temperature and other related ther-
mal furnace parameters to verify their reasonability.

The following are stepwise instructions for platen superheater design.

. Determine the total tube number of platen superheaters. The mass flux of

a platen superheater with high thermal load is 700~1200 kg/(m?-s), thus
the total number of platen superheater tubes can be calculated according to
single tube diameter.

. Determine transverse tube spacing of the platen superheater—s; is usually

700-900 mm. Flue gas velocity should be kept at approximately 6 m/s.
Determine longditudinal spacing and tube bending radius. The longitudinal
tube spacing of a vertically suspended superheater should be small under
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appropriate tube bending radius (50 mm is the empirical value). The mini-
mum tube bending radius is usually two times its diameter; for a tube with
42 mm diameter, usually 80 mm or 85 mm.

Furnace outlet gas temperature is usually the gas temperature before entering
the platen superheater. Furnace outlet gas temperature determines the radiative
and convective fraction of the boiler unit. If the furnace outlet gas temperature
is low, the radiative fraction of the furnace is high and total metal consump-
tion and investment in heating surfaces decrease. However, if the furnace outlet
gas temperature is too low, the average furnace tempature is low and radiative
heat intensity decreases. In addition, the average temperature difference in the
convection superheater decreases, creating a need for more expensive heating
surfaces in the convection superheater. Furnace outlet gas temperature should
be controlled to ensure that there is no slagging at the furnace exit, as well.
Furnace outlet gas tempature must be lower than the softening temperature of
the fuel (generally below 100°C.) Item 11 in Table C7 is the reference value
according to experience.

The water wall fouling factor and average thermal efficiency coefficient
are other important considerations. The fouling factor reflects the influence of
reradiation of heating surfaces on heat exchange—its physical significance is
the radiative heat fraction from the flame to the heating surface absorbed by
the heating surface. If deposition on the water wall is severe, the temperature
of the fouling layer increases, reradiation increases, and the heat absorbed by
the water wall decreases. The thermal efficiency coefficient reflects the ratio of
the effective heat flow and projected radiation heat—when a membrane wall is
adopted, the thermal efficiency coefficient and fouling factor are almost equal.
Item 28 in Table C7 is a reference value from experience.

The furnace’s flame center is the zone with the highest working medium
temperature. The influence of flame center position on the furnace outlet gas
tempature is accounted for by coefficient M during thermal calculation. Item 31
in Table C7 is the reference value.

Hot air tempature is determined according to combustion type. Fast ignition
and steady combustion of fuel are the designer’s primary goals. If hot air tem-
perature is too high, however, the air preheater will be too large and it will be
difficult to arrange the back-end heating surface effectively.

C6 SUPERHEATER DESIGN AND HEAT EXCHANGE
CALCULATION

A structural diagram of the superheater is shown in Figs. C4 and C5.
Structural design and thermal calculation of the platen superheater are
shown in Tables C8 and C9.
The platen superheater at the furnace exit absorbs both the convection heat
from flue gas and the radiation heat from the furnace. In addition, when the gas



Appendix C 239

2300 1100_, 1200, _ 1500 3800 180
|
Iy SAAmE R
|
|
|
|
=0 |
bt |
|
e = |
% & |
‘ T 04 B8 0D B ) B 0D i
L%
FIGURE C4 Structure diagram of superheater.
A—A
2300 7
)
fon] | (s § o | (]
(=== =
W |I=H = v
A A o
P i =
=&
o % +l o —
= < == JU—
3 & =l
&
L 1 35° o-r
1 L g
— 100

FIGURE C5 Structure diagram of platen superheater.



240 Appendix C

TABLE C8 Structure/Size of Platen Superheater

Formulae and

No. Parameter Symbol  Unit data source Result
1 Tube diameter of platen  d mm See Table C5 42
superheater
2 Platen superheater tube  § mm See Table C5 5
thickness
3 Platen superheater Z, = See Table C5 14
transverse rows
4 Platen superheater - - See Table C5 2
longitudinal bypass rows
5  Platen superheater Z, - Determine from 40
longitudinal rows design
6 Platen superheater height h, m See Table C5 8.408
7  Platen superheater depth b, m See Table C5 2.3
8  Platen superheater average s, mm allZy + 1) 656.1
transverse spacing
9 Platen superheater Sy mm bP/(ZZ—T) 59.0
average longtitudinal
spacing
10  Relative transverse pitch o - sy/d 15.6
11 Relative vertical pitch o, - sy/d 1.4
12 Inlet radiation area H', m? (hp + bp)aZ1/(21 +1) 98.36
13 Outlet radiation area H m? heaZ /(Zy + 1) 77.23
14 Configuration factor X - Refer to Appendix 0.96
D6.22
15  Platen superheater total Apsh m? 2hpb,Zyx 519.84
heating area
16  Configuration factor from ¢, = ((bp/s1)2 + )12 0.140
inlet to outlet (bp/s1)
17 Exit window area Hie m? See Table C6 106.37
18  Side water wall heating A, m? (0.5nXd + (s—d))/s X  57.64
area 1 within panel 2 X (hp X (bp + 87)
19  Side water wall heating Aww2 m? (0.5mtxd + (s=d))/s X  25.00
area 2 within panel 2 X 0.50.4 X (h, +
hscs,c)
20  Side water wall heating A, m? At + Aww2 82.64
area witin panel
21 Roof tube diameter d mm See Table C5 51

22 Roof tube rows Zoof - See Table C5 98
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TABLE C8 Structure/Size of Platen Superheater (cont.)

No.

23
24

25

26

27
28
29
30

Parameter
Roof tube spacing

Roof tube length within
platen superheater zone

Heating area of roof
tubes

Effective radiation layer
thickness

Gas inlet flow area
Gas outlet flow area
Gas average flow area

Steam flow area

Symbol
S

/ roof

A roof

Unit
mm

m

Formulae and
data source
See Table C5

(bp + Ip—ssh)

a(0.5 X xd +
(s=d))/s X L oof

1.8/(1/bp + 1/hp +
1/51)

(hp + bp)(a—dZ1)
(hy=h, a-dZ;)
2AALIAL+ AY)

/4 X ny X Zy X dy?

TABLE C9 Thermal Calculation of Platen Superheater

No.

1

Parameter

Temperature of flue gas
into panel

Enthalpy of flue gas
into panel

Convection heat of
panel zone

Radiation heat from
flue gas to heating
surface through panel

Absorbed convection
heat of furnace roof at
panel zone

Absorbed convection
heat of water wall at
panel zone

Enthalpy of flue gas out
of panel

Temperature of flue gas
out of panel

Symbol
Py

Qc,psh

er

Qroof

wa

14

9"

Unit
°C

ki/kg
ki/kg

ki/kg

ki/kg

ki/kg

ki/kg

°C

Formulae

See Table C7
See Table C7
Trial and error

Trial and error

Trial and error

Trial and error

Il_(Qc,psh + Qe

See Table C3

241

Result
100
3.4

43.20

0.866

9909
75.95
85.99
0.113

Result
1115.2

16041.96

1587

144

116

224

14304.01

1005.02

(Continued)
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TABLE C9 Thermal Calculation of Platen Superheater (cont.)

No.

9

15
16
17

20

21

22

23

24

25

26

27

Parameter

Average flue gas
tempeature

Absorbed convection
heat of panel

Product of p, and s

Radiant absorption
coefficient of gas

Radiant absorption
coefficient of fly ash

Radiant absorption
coefficient of flue gas
radiation

Exponent of Eq. (2.73)
Flue gas emissivity

Coefficient considering
reradiation

Relative height of
window

Thermal load
distribution coefficient

Radiation heat flow of
panel zone

Corrected radiative
intensity of panel zone

Radiation heat
absorbed by panel
directly from furnace

Configuration factor
from inlet to outlet of
panel

Furnace radiation heat
leaked out of panel

Radiation heat
absorbed by panel

Total heat absorbed by
panel

Radiation fuel
correction coefficient

Symbol

aave

Tave
Qc

kfa

Mpsh
qr

Grm

L2l

Qy

Q

Unit
°C

K
ki/kg

m-MPa
I/(m-MPa)

I/(m-MPa)

I/(m-MPa)

kW/m?
kW/m?

ki/kg

ki/kg
ki/kg

ki/kg

Formulae

0"+ 6")/2

T4 @y

Qe psh—Qroot~CQuw

pras
10.2[(0.78

+ 1 .6I’H20)/
(10.2pps)*°-0.1]
(1-0.37T,,./1000)

48350p,/
(Tavezdfa2)1 /3

kgrn+kfal~"fa

kps

1 _e—sz

Refer to Appendix
D6.23
(h-0.5hy,)/h

Refer to Appendix
D6.24

77pshQchaI/Hr

Ba;

qr,mH;/BcaI

See Table C8

Q' (1-a)en/B
Q. -Qf
Q. + Q; -Qf

Refer to Appendix
D6.25

Result
1060.09
1333.09
1247

0.0188
10.06

76.02

2.87

0.25

0.220
0.966

0.865

0.771

102.49

98.96

915.92

0.140

103.46

812.46

2059.46

0.5
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TABLE C9 Thermal Calculation of Platen Superheater (cont.)

No.

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Parameter

Radiation heat from
flue gas to heating
surfaces behind panel

Pressure of steam into
panel

Pressure of steam out
of panel

Temperature of steam
into panel (after spray
attemperator)

Enthalpy of steam into
panel

Primary desuperheating
water flow rate

Secondary
desuperheater spray
flow rate

Enthalpy of steam out
of panel

Temperature of steam
out of panel

Average temperature of
steam in panel

Average specific volume
of steam in panel

Average speed of steam
in panel

Average mass flow rate
of steam in panel

Correction coefficient
of tube diameter

Thermal conductivity of
steam A

Dynamic viscosity of
steam v

Prandtl number of
steam Pr

Heat transfer coefficient
from tube wall to steam

Symbol
er,cal

Dds1

Dd52

¢’

tave

Vave

po

Cy

Unit
ki/kg
MPa
MPa

°C

ki/kg

kg/h
vh

kg/h
th

ki/kg
°C

°C
m’/kg
m/s

kg/(m?s)

W/(m-°C)

m?/s

w/(m?-°C)

Formulae

5.7 X
10" "aH T /By

*Determine from
design
*Determine from
design

Trial and
error using
desuperheater

spray
See Standard
Steam Table

Trial and error

Trial and error

h + BcaIQ/<D17
DdsZ)

See Standard
Steam Table

(t" +t")/2

See Standard
Steam Table

(D1_Dd52) Vave/
(3600A.,)

Dy/(3600A,)

Refer to Appendix
D6.26

See Standard
Steam Table

See Standard
Steam Table

See Standard
Steam Table

0.023A/d\(@
d/v)O8PrO4C,

243

Result

143.94

14.4

14.1

395

2971.3

8200
8.2
5800
5.8

3166.2

447.56

421.3

0.0179

17.82

997.19

0.91

0.0771

4.77E-07

1.18

3925.5

(Continued)
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TABLE C9 Thermal Calculation of Platen Superheater (cont.)

No.

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Parameter

Average flue gas

velocity among panel

Symbol

Ve

Thermal conductivity of A

flue gas

Dynamic viscosity of

flue gas

Average Prandtl
number of flue gas

Prandtl number of flue

gas

Correction factor of
tube rows

Flue gas composition

and temperature

correction coefficient

Correction factor for

geometric arrangement

Flue gas side

convection coefficient

Ash deposition
coefficient

Tube wall fouling
emissivity

Fouling layer
temperature of tube
wall

Radiation heat transfer

coefficient

Utilization coefficient

of panel

Flue gas side heat
transfer coefficient

Overall heat transfer
coefficient

Large temperature
difference

Small temperature
difference

Logarithmic mean

temperature difference

Prave

a

Atmax

Atmin

At

Unit

m/s

W/(m-°C)

m?/s

w/(m?-°C)

m?2-°C/w

°C

w/(m?-°C)

w/(m?-°C)

w/(m?-°C)

°C

°C

°C

Formulae
Vg Beal (Bave+273)
(273Agav0)

Refer to Appendix
D6.27

Refer to Appendix
D6.27

Refer to Appendix
D6.28

(0.94 + 0.5671,0)
Prave

Refer to Appendix
D6.29

0.92 + 0.726r,0

Refer to Appendix
D6.30

0.2A/dl(vcl/v)*6
PO3C,C.C,
Refer to Appendix
D6.31

Refer to Appendix
D6.32

tove + 1000(&+
1/a3)Bea(Qc +
Qr)/Hpsh

5.7 X 107%a,, +
D2aTe 1T/ ooV
[1—(TW/Toye)]

Refer to Appendix
D6.31

& [(mxd X ag)/(2 x
X $o)+ al

a/l1 + (1 + Q/Q,)

(e+ 1/ay) ajl
-t

0'— "

(Atmax'Atmin)/
(LN At/ Al

Result
5.59

0.114

1.8E-04

0.574

0.563

0.973

0.858

39.80

9.7E-03

0.8

840.2

83.29

0.85

117.30

40.07

720.2

557.5

635.34
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TABLE C9 Thermal Calculation of Platen Superheater (cont.)

No.

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

Parameter

Convection heat of
panel

Error

Water temperature of
water wall at panel side

Average temperature
difference of heat
transfer

Absorbed convection
heat by both side water
walls within panel zone

Error

Relative height of
furnace roof cover

Thermal load
distribution coefficient

Furnace radiation
heat flux absorbed by
furnace roof cover

Furnace radiation heat
absorbed by furnace
roof cover

Enthalpy increment of
furnace roof cover

Saturated steam
temperature of drum
outlet

Dry saturated steam
enthalpy of drum outlet

Furnace roof pressure
within panel zone

Steam enthalpy of
furnace roof inlet
within panel zone

Symbol

Qc,cal

At

wa,cal

Troof

qr

Qr, roof

in
IS

Proof

o
I roof

Unit
ki/kg

%

°C

°C

ki/kg

%

kW/m?

ki/kg

ki/kg

°C

ki/kg

MPa

ki/kg

Formulae

KAt Apg/(1000
Bcal)

1 OO(chQc,ca[)/
Qc

See Standard
Steam Table
(saturated

temperature)

oave_tsw

KAt A/
(1000B.y)

100(Qyw—
wa,cal)/wa

Constant

Refer to Appendix
D6.24

nroonchal/Hr

BQr Hroof/Bca[

36008.,Q/
(D*DdslfDdSZ)
See Standard
Steam Table
(saturated
temperature)

See Standard
Steam Table
(x=1)

*Determine from
design

i+ AP

245

Result
1245.296

0.14

342.53

717.56

223.6

0.18

0.633

84.19

560.20

54.12

342.53

2608.86

2663.0

(Continued)
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TABLE C9 Thermal Calculation of Platen Superheater (cont.)

No. Parameter Symbol Unit Formulae Result

80  Steam temperature t roof °C See Standard 347.1
of furnace roof inlet Steam Table
within panel zone

81  Steam enthalpy Ai ki/kg 3.6Bcal Qrooil 11.21
increment of furnace (D1=Dgs1—Dys)
roof within panel zone

82  Steam enthalpy of ioof kl/kg 7 voof + AP 2674.2
furnace roof outlet
within panel zone

83  Steam temperature of T oof °C See Standard 347.9
furnace roof within Steam Table
panel zone

84  Average steam e °C 0.5(t 100f + troof) 347.50
temperature of furnace
roof within panel zone

85  Average temperature At °C Oy 712.59
difference of heat
transfer

86  Absorbed convection Qroofcal  KI/kg KAt A,ooff 116.1
heat of furnace roof (1T000B,)
within panel zone

87 Error e % 100(Q;00f — -0.06

Qroof,cal)/ Qroof

88  Absorbed convection Qcpsheal  KI/kg O geeil + Qe 3 | 156550
heat within panel zone @

89  Total error e % 100(Qc psh— 0.13

Qc,psh,cal)/Qc,psh

temperature between the panels is high, a portion of the heat is radiated to the
furnace, then to the downstrem convection heating surface. Therefore, the heat
transfer equations for these heating surfaces differ from those for general con-
vection heating surfaces.

The platen superheater is an intermediate stage superheater, the inlet and
outlet working medium parameters of which are usually unknown during ther-
mal calculation. Item 31 of Table C9 is the assumption based on related data.
Whether the assumption is correct should be verified after heating surface ther-
mal calculation.

The transverse spacing of the platen superheater is large, flue gas velocity is
low, and sweeping is nonuniform. Therefore, certain heat exchange parameters
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FIGURE C6 Structure diagram of high-temperature superheater.

of the platen superheater (such as the fouling factor, utilization coefficient, heat
transfer coefficient, and calculation method of the heat exchange area) are dif-
ferent from those of general convection heating surfaces.

The structure of a high-temperature superheater is shown in Fig. C6. Its
structure design and thermal calculation are shown in Tables C10 and C11.

Total pressure drop in a superheater system is usually less than 10% of the
boiler rated pressure; it can be up to 15% for an ultra-high pressure unit. During
thermal calculation for every stage of the heating surface, the inlet and outlet
pressure of the superheater at mid-stages can be determined according to related
references or estimated according to the total pressure drop of the superheater,
but only at error allowances below 3%.

The characteristics of this example are in a multiple parallel-flow arrangement.
The working medium flows countercurrent to the cold stage and downstream to
the hot stage. The cold and hot stages can be integrated during calculation, and
the average temperature difference of heat transfer must be corrected through
the lookup-table or staged calculation in cases such as this. These methods do
have some drawbacks. The first method fails to account for the working me-
dium of the cold stage outlet or hot stage inlet, and the measured average tem-
perature difference of heat transfer does not include the temperature drop by
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TABLE C10 Structure/Size of High-Temperature Superheater

15
16

19
20

Parameter

Tube diameter

Tube thickness
Longitudinal tube rows
Number of head

Pass number of
high-temperature
superheater

Sectional area of single
tube

Steam mass flow flux
of cold stage

Total steam flow area
of cold stage

Transverse rows of cold
stage

Transverse rows of cold
stage

Steam mass flux of hot
stage

Total steam flow area
of hot stage

Transverse rows of hot
stage

Transverse rows of hot
stage

Total horizontal rows

Transverse spacing

Relative transverse
pitch

Longitudinal spacing

Superheater depth

Average longtitudinal
pitch

Symbol
d

7,

m

PWh
Ass h
Zin
Zih

Z

S
0
S2

b

SZ,ave

Unit

mm

Formulae and
data source

Determine from
design
Determine from
design
Determine from
design

Determine from
design

Determine from
design

nd?/4

Refer to Appendix
D6.10

(D-Dye)/
(3600pw,)

Ags,/(Aj n)

Determine from
design

Refer to Appendix
D 6.10

D1/(3600pw},)
Ags (A 1)

Determine from
design
Zin+ Zic

Determine from
design

51/d

Determine from

design
See Fig. C6
b/(Z,-1)

Result
42

8.04 107*

720

0.155

48.19

48

700

0.163

50.57

50

98
100

2.38

60

1.2
80
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TABLE C10 Structure/Size of High-Temperature Superheater (cont.)

No.

21

22

23

24

25

26

27

28
29

30

31

32

33

34

35

36

37
38

Parameter

Relative longitudinal
pitch

Minimum bending
radius of superheater

Radiative space depth
prior to superheater

Height of flue duct at
high-temperature inlet

Average tube
calculated length

Heating area of hot
stage

Heating area of cold
stage

Total heating area
Distance from
high-temperature
superheater to

low-temperature
superheater

Height of flue duct at
low-temperature inlet

Length of roof
tube within high-
temperature zone

Height of flue duct at
high-temperature outlet

Heating area of roof
tubes

Heating area of side
water wall

Heating area of bottom
water wall

Heating area of water
wall

Inlet flue gas flow area

Gas outlet flow area

Symbol

%}

lp»s,sh

hisn

/ roof

A

"
Ag

Unit

mm

Formulae and
data source Result

Sy aveld 1.90

Determine from 80

design

See Fig. C6 1.1
See Fig. C6 7.508
Fig. C6, 2 X 26.55
(6.876 + 6.4)

nZp X mxd X 700.69
lave

nZie X wxd X lye 672.66

An + Ac 1373.35

Determine from 1.5
design

See Fig. C6 5.618
lp-s,sh +b 2.7
See Fig. C6 6.668
al (0.5 + 3431
(Sroof_d))/sroof

2 X (0.5 X X 50.61
d + (Sgu—d))/sg X
O.5]r00f(h, + h/p,sh)

a05 x rxd+  46.32
(Sbww_d))/sbww X

Lroof/COSO,p

Agy + A 96.94
h'(a-dZ,) 42.99
h"(a~dZ;) 38.18

(Continued)
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TABLE C10 Structure/Size of High-Temperature Superheater (cont.)

No.

39
40

41

42

43

44

45

46

TABLE C11 Thermal Calculation of High-Temperature Superheater

Parameter
Gas average flow area

Steam flow area of hot
stage

Steam flow area of
cold stage

Effective radiation layer
thickness

Rear water leading
tube number

Rear water leading
tube diameter

Rear water leading
tube length

Rear water leading
tube heating area

Parameter

Inlet flue gas

temperature

Inlet flue gas enthalpy

Inlet steam
temperature

Inlet steam enthalpy

Outlet steam
temperature

Outlet steam enthalpy

Desuperheater spray
water enthalpy

Radiation heat from
flue gas to panel back

Symbol

Ag,ave
Ass,h

Ass,c

Symbol
P

/
¢

i fw

er

Unit

Unit
°C

kl/kg
°C

kl/kg
°C

ki/kg
ki’kg

kl/kg

Formulae and
data source
ZAéAé’/(Ag’ + Ag”)
W4 X n X Zlh

X diZ

4 X n X Zq.
Xdiz

O9d(40’1 0'2/75—] )

Determine from

design

Determine from
design

Determine from
design

Niw X X dyy
X Ly

Formulae and
data source

See Table C9

See Table C9
See Table C9

See Table C9

Design assignment
See Standard Steam
Table

See Table C4

See Table C9

Result
40.44
0.161

0.154

0.180

40

60

7.2

54.29

Result
1005.0

14304.0
447.6

3166.2
540

3437.5

1016.1

143.94
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TABLE C11 Thermal Calculation of High-Temperature Superheater (cont.)

No.

10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

25

26

Parameter

Absorbed convection
heat of superheated
steam

Absorbed heat of
additional heating
surfaces of furnace roof
Absorbed heat of
additional heating
surfaces of water wall
Absorbed heat of rear
water leading tube

Outlet flue gas
enthalpy

Outlet flue gas
temperature

Flue gas release heat

Average steam
temperature

Flue gas average
temperature

Flue gas velocity

Thermal conductivity
of flue gas

Dynamic viscosity of
flue gas

Average Prandtl
number of flue gas

Prandtl number of
flue gas

Correction factor for
rows

Flue gas composition
and temperature
correction coefficient

Correction factor
for the geometric
arrangement

Flue gas side
convection coefficient

Symbol
Qc

Q roof

wa

Quy

tave

Oave

Prave

Pr

Unit
ki’kg

ki’kg

ki’kg

ki’kg
ki’kg
°C

ki’kg
°C

°C
m/s
W/(m-°C)

m?/s

w/(m?-°C)

Formulae and
data source

[(D1=Dys2)
("=1")+ Do (I"=i)l/
(36008 ca)-Qy

Trial and error

Trial and error

Trial and error

I/_(Qd + Qroof + wa
+ Qu)/p+Aal®,

See flue gas enthalpy
—temperature table

o(I'-1" + Aal®.,)
t' +t)/2

@ +6")/2

BealVgBave + 273/
(273 X Agaye)

Refer to Appendix
D6.27

Refer to Appendix
D6.27

Refer to Appendix
D6.28

(0.94 + 0.56r1,0)Praye

Refer to Appendix
D6.29

0.92 + 0.726rp,0

Refer to Appendix
D6.30

0.2A/dl(a,dl/v)*
PrOBC,CC,

Result
3089.0

111

319

178

10597.9

750.45

3688.4
493.78

877.73
10.52
0.0980
1.42
104

0.582

0.571

0.973

1.000

70.40

(Continued)
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TABLE C11 Thermal Calculation of High-Temperature Superheater (cont.)

Formulae and

No. Parameter Symbol  Unit data source Result

27  Cold stage flue gas 8c - Trial and error 0.525
mass fraction

28  Hot stage flue gas Sh - Trial and error 0.475
mass fraction

29  Absorbed radiation Qrh ki/kg ghQy 68.37
heat of hot stage

30  Absorbed radiation Qe ki/kg 8:Qy 75.57
heat of cold stage

31 Inlet steam enthalpy 1/}, k)/kg "=3.6Bc,/D1{ghle 3294.6
of hot stage (I'=1" + Aarl® )~ Qo0

wa*Qrw] + Qr,h}

32 Inlet steam pressure of p}, MPa Determine from 13.9
hot stage design

33 Outlet steam pressure  pf; MPa Determine from 13.7
of hot stage design

34 Average steam 314 e MPa 0.5(ph + ph) 13.8
pressure of hot stage

35 Inlet steam th °C See Standard Steam 489.41
temperature of hot Table
stage

36 Average steam fi e °C 0.5 + t'y) 514.7
temperature of hot
stage

37  Absorbed convection Q. ki/kg D1/(3.6B,) X 1463.2
heat of hot stage (i"=it)~Qp, ¢

38  Outlet steam enthalpy . kl/kg D1/(D1—Dysy)in—Dysy/  3327.3
of cold stage (D1=Dys)isy

39 Inletsteam pressure of p;. MPa *Determine from 14.1
cold stage design

40  Outlet steam pressure  p MPa *Determine from 13.9
of cold stage design

41 Average steam P MPa 0.5(p¢ + p?) 14
pressure of cold stage

42 Outlet steam t. MPa See Standard Steam 500.29
temperature of cold Table
stage

43 Enthalpy increment of ~Ai k)/kg gelo'=I" + Aal®,)— 160.22
cold stage anf_wa_Qrw + Qr]]

X 3.6Ba/(D1-Dye)
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TABLE C11 Thermal Calculation of High-Temperature Superheater (cont.)

No.

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Parameter

Inlet steam enthalpy
of cold stage

Inlet steam
temperature of cold
stage

Outlet steam
temperature of panel

Interface temperature
difference

Average steam
temperature of cold
stage

Absorbed convection
heat of cold stage

Average specific
volume of steam of
hot stage

Average speed of
steam of hot stage

Average specific
volume of steam of
cold stage

Average speed of
steam of cold stage

Correction factor for
tube diameter

Thermal conductivity
of steam of cold
stage A

Dynamic viscosity of
steam of cold stage v

Prandtl number of
steam of cold stage Pr

Steam side heat
transfer coefficient of
cold stage

Correction factor for
tube diameter

Thermal conductivity

of steam of hot stage A

Symbol

tcave

Qcc

Vh,ave

a)ss,h

Ve,ave

a)SS C

4

Cy

Unit
ki/kg

ki’kg

°C
°C

°C

ki’kg

m>/kg

m/s

m>/kg

m/s

W/(m-°C)

m?/s

W/(m?-°C)

W/(m-°C)

Formulae and
data source

i"=Ai

See Standard Steam
Table

See Table C9
téft,;,)sh

0.5(t". + t.)

(Dl_DdSZ)/(?’ -6Bcal)
(i"c_i/c)_Qr,C

See Standard Steam
Table

D1 Vh,ave/(3 -6Ass,h)

See Standard Steam
Table

(Dl_ DdsZ)Vc,ave/
(3.6A5,c)

Refer to Appendix
D6.26

See Standard Steam
Table

See Standard Steam
Table

See Standard Steam
Table

0.023) /d(@xs
dn/Vc)O‘SPrcOACd

Refer to Appendix
D6.26

See Standard Steam
Table

Result
3167.0

447 .81

447.56

0.25

474.05

1617.2

0.0236

16.71

0.0212

15.41

0.91

0.91

0.0818

(Continued)
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TABLE C11 Thermal Calculation of High-Temperature Superheater (cont.)

No.

61

62

63

64

65

66

67
68

69

70

71
72
73

74

75

76

Parameter

Dynamic viscosity of
steam of hot stage v

Prandtl number of
steam of hot stage Pr

Steam side heat
transfer coefficient of
hot stage

Ash deposition
coefficient

Fouling layer
temperature of tube
wall of cold stage

Fouling layer
temperature of tube
wall of hot stage
Product of p, and s

Radiant absorption
coefficient of gas

Radiant absorption
coefficient of fly ash

Radiant absorption
coefficient of flue gas
radiation

Exponent of Eq. (2.73)
Flue gas emissivity

Radiation heat transfer
coefficient of cold
stage

Radiation heat transfer
coefficient of hot stage

Fuel correction
coefficient

Radiation heat transfer
coefficient of cold
stage correction

Symbol

Vh
Prh

Q) h

Unit

m?/s

W/(m?-°C)

m?-°C/W

°C

°C

m-MPa
1/(m-MPa)

1/(m-MPa)

1/(m-MPa)

w/(m?-°C)

w/(m?-°C)

w/(m?-°C)

Formulae and
data source

See Standard Steam
Table

See Standard Steam
Table

0.023Ap/dy (@
A/ W)*BPr %4 Cy

Refer to Appendix
D6.33

tc,ave +

1000(e+1/at ) Beal(Qc
+ QA

th,ave +

1000(&+1/0t h)Bea(Qc
+ Qup)/An

pras

10.2[(0.78 + 1.6r4,0)/

(10.2pys)*5-0.1]
(1-0.37 T,/ 1000)

48350p,/(Tyye’ i)'

kgrn+kfal}v{a

kps
=t

5.7 X 107%a,,

+ 1)2aT,,’[1-
(T o/ Tave) 1/ 11—
(Tw,o/ Tave)]

5.7 X 107%a,,
+1)2aT, 31—
(Tw,h/Tave)4]/“ -
(Tw,h/Tave)]

Refer to Appendix
D6.34

a,[1 + A(T'/1000)°25
(1/b)°7]

Result

6.92
107
1.011

2761.3

0.0043

598.43

623.00

0.00388
25.80

83.82

6.29

0.113
0.107
23.18

23.96

0.4

32.98
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TABLE C11 Thermal Calculation of High-Temperature Superheater (cont.)

No.

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

Parameter

Radiation heat transfer
coefficient of hot stage
correction

Flowing uniformity
coefficient

Effective coefficient

Flue gas side heat
transfer coefficient of
cold stage

Flue gas side heat
transfer coefficient of
hot stage

Heat transfer
coefficient of cold
stage

Heat transfer
coefficient of hot stage

Small temperature
difference of cold
stage

Large temperature
difference of cold
stage

Logarithmic mean
temperature difference
of cold stage

Convection heat of
cold stage

Error

Small temperature
difference of hot stage

Large temperature
difference of hot stage

Logarithmic mean
temperature difference
of hot stage

Convection heat of
hot stage

Symbol

’
Ay h

Atmin

Atma)(

At

Qc,cal

Atmin
Aleax

At

Qh,cal

Unit

w/(m?-°C)

W/(m?°C)

W/(m?°C)

W/(m?-°C)

W/(m?-°C)

°C

°C

°C

ki‘kg
%
°C
°C

°C

ki‘kg

Formulae and
data source

Result

a1 + A(T/1000°%°  34.08

(Ir/b)0.07]
Determine from

design

Refer to Appendix
D6.35

Oag +a'pc

0ag + o',

you /(1 + aycday )

vaq /(1 + aqp/ay h)
9"t

o't

(Atmax*Atmin)/
(INAtas/ Atinin)
KAAH(1000 Bey)
(Qc,c_Qc,cal)/Qc,c X
100

0//_t//

0'—th,

(Atmax*Atmin)/
(INAt o/ At ii)

KAtA/(1000B.y)

0.65

103.38

104.48

64.85

65.44

302.6

504.7

395.11

1621.8

-0.29

210.45

515.61

340.54

1469.3

(Continued)
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TABLE C11 Thermal Calculation of High-Temperature Superheater (cont.)

No.
93

94

95
96

97

98

99

100

101

102

103

104

105

106

Parameter

Error

Total absorbed
convection heat of
superheater

Error

Average heat transfer
coefficient of
superheater zone

Working medium
temperature of water
wall

Average temperature
difference of heat
transfer

Absorbed convection
heat of water wall

Error

Inlet steam enthalpy
of superheater at
furnace roof

Inlet steam
temperature of
superheater at furnace
roof

Steam enthalpy
increment of
superheater at furnace
roof

Steam pressure

of furnace roof at
high-temperature
superheater zone

Outlet steam enthalpy
of furnace roof
superheater

Outlet steam
temperature of furnace
roof superheater

Symbol

e

Qc,cal

At

wa,cal

A
I roof

t/roof

Alfioof

Proof

%
Iroof

t /;oof

Unit
%

ki/kg

%
W/(m?-°C)

°C

°C

k)/kg
%

ki/kg

°C

kl/kg

MPa

ki/kg

°C

Formulae and
data source

(Qc,h_Qh,cal)/Qc,h X
100

Qc,cal + Qh,cal

(Q—~Q)/Q. x 100
0.5(K. + Kp)

See Standard Steam
Table (saturated
temperature)

aaveftsw

KaeAtA /(10008 )

(wa_wa,ca[)/wa
X 100

See Table C9

See Table C9

3 -6QroochaI/(D1_Dds1_
Ddsz)

*Determine from
design

i /roof + A

See Standard Steam
Table

Result
-0.42

3091.1

-0.07
65.14

342.53

535.20

318.0

0.31

2674.2

347.9

10.72

14.9

2684.9

348.3
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TABLE C11 Thermal Calculation of High-Temperature Superheater (cont.)

Formulae and

No. Parameter Symbol  Unit data source Result

107  Average temperature At °C Oave=0.5Cr00f + Lroof) 529.6
difference

108  Absorbed convection  Qporcal  KI/kg KaveAtA 0o/ (1000 Bey)  111.4

heat of superheater at
furnace roof

109  Error e % (Qroof‘Qroof,cal)/Qroof -0.34
X 100
110  Average temperature At °C Oave—tsw 535.2

difference of heat
transfer of rear water

leading tube

111 Absorbed convection  Qyycal ki’kg KaveAtA /(1000 B.,)  178.1
heat of rear water
leading tube

112 Error @ % (Qrv—Qrw,cal) Qrny X —-0.06

100

desuperheater spray. The second method assumes the flue gas mass fraction, so
error may result during calculation. Both methods are practiced by real-world
engineers, and are applicable as long as calculation errors are identified and
addressed.

There are usually determined values (6, ¢/, and ¢”) during the thermal cal-
culation of high-temperature superheaters, thus the successive approximation
method is not applicable. The convection heat is balanced usually either to rear-
range the superheater and change the heat transfer area of the convection super-
heater, or to change the extent of desuperheating.

The structure of a low-temperature superheater is shown in Fig. C7. Its
structural design and thermal calculation are shown in Tables C12 and C13.

Because the inlet and outlet steam temperature of the low-temperature
superheater is unknown, further verification is necessary. For the inlet, the
additional superheater should be determined after calculating the reversing
chamber; for the outlet, the inlet steam temperature of the platen super-
heater is the temperature after desuperheating. Therefore, the quantity of
desuperheater spray water and the outlet flue gas temperature should be as-
sumed first to calculate the inlet steam temperature, then compared to the
inlet weighted temperature of the low-temperature superheater obtained by
the reversing chamber calculation. A temperature difference below 1°C is
acceptable.



258

Appendix C

5618
5468

-
C
1C
C
C
C

& - — ———— — &

150

9841
97 X100=9700

N
\
Y

FIGURE C7 Structure diagram of low-temperature superheater.

TABLE C12 Structure of Low-Temperature Superheater

No.

1

Parameter

Tube diameter

Tube thickness

Number of head

Pass number of low-
temperature superheater
Transverse rows
Minimum bending radius
of superheater

Transverse spacing

Relative transverse pitch

Longitudinal spacing

Symbol
d

m

Z

S

$2

Unit

mm

mm

mm

Formulae

Determine from
design
Determine from
design
Determine from
design
Determine from
design
Determine from
design
Determine from
design
Determine from
design

5]/d

Determine from
design

Value
42

18

98

80

100

2.38
60
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TABLE C12 Structure of Low-Temperature Superheater (cont.)

No.

10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

25

26
27

28

29

Parameter

Superheater depth

Radiative space
depth before
superheater

Longitudinal average
spacing

Relative transverse
pitch

Flue duct height of low-
temperature inlet

Transverse flue duct height

Average tube calculated
length

Heating area

Distance from low-
temperature superheater
to reversing chamber

Roof tube length within
low-temperature zone

Heating area of roof tubes
Diameter of side wall tube

Thickness of side wall
tube

Spacing of side wall tube

Heating area of side wall

Heating area of bottom
water wall

Gas average flow area

Steam flow area

Effective radiation layer
thickness

Water leading tube
diameter

Symbol
b

I;

52/ave

(o))

hp,sh

>

lave

lp,sh—rc

/ roof

A roof

Ss,sh

As,sh

A bww

Unit
m

m

Formulae
See Fig. C7
See Table C10

1000 b/(n X
ni=1)

52/ave/d
See Table C10

See Table C10

Fig. C7, 18 X
5.468

nZ; X mxd X
Iave

Determine from

design
lp,sh—rc +b

alioof(0.572d +

(5 roof_d) )/ Sroof
Determine from
design
Determine from
design
Determine from
design

2hgool0.5
X xd +
(ss,sh_d))/ss,rc

alof(0.5 X xd
+ (5bww—d))/5bww
hg(a—dZ])

w4 X n X Z,
X d,?

0.9d(40,05/7-1)

Determine from
design

259

Value

3.8

1.5

108.57

1.43

5.618

5.618
98.42

2545.30

0.18

3.98

49.55

51

100

57.73

55.94

32.16
0.158

0.126

108

(Continued)
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TABLE C12 Structure of Low-Temperature Superheater (cont.)

No.

30

31

32
33
34

35

36

37

38

39

40

TABLE C13 Thermal Calculation of Low-Temperature Superheater

Parameter

Water leading tube
number

Water leading tube
heating area

Roof tube number
Roof steam flow area

Front wall connecting
pipe diameter

Front wall connecting
pipe thickness

Front wall connecting
pipe number

Front wall connecting
pipe steam flow area

Total steam flow rate

Roof steam flow rate

Side wall steam flow rate

Parameter

Inlet flue gas
temperature

Inlet flue gas
enthalpy

Inlet flue gas
temperature

Outlet flue gas
enthalpy

Desuperheating
water (main feeding
water) enthalpy

Symbol

nTW
Any

Nyoof
Aroof

Zi oh

Afsh

D roof

Ds,sh

Symbol Unit
0’ °C
r ki/kg
0" °C
" ki/kg
i kl/kg

Unit

t/h
th

t/h

Formulae

Determine from
design

Ny X Xd X hy

See Table D5
7l 4dn,rouf2n roof
Determine from
design
Determine from
design
Determine from
design
Determine from
design
(D17Dd527Dd51>
(D1—=Dysp—

Dds] )Aroof/(A roof
+ Af,sh)
(D1=Dyso~

Dds] )Af,sh/(Aroof
+ Afh)

Formulae and

data source

See Table C11

See Table C11

Trial and error

See Table C3

See Table C4

Value

12

22.87

98
0.129
133

10

12

0.120

396

205.17

190.83

Result
750.45

10597.9

522

7318.4

1016.1
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TABLE C13 Thermal Calculation of Low-Temperature Superheater (cont.)

10

11

12

13

14

15
16

17

18

19

20

Parameter

Outlet steam
enthalpy (without
superheating)

Outlet steam
pressure

Outlet steam
temperature

Absorbed
convection heat of
furnace roof

Absorbed
convection heat of
side wall

Absorbed
convection heat of
water leading tube

Absorbed
convection heat of
bottom water wall

Absorbed
convection heat of
superheater

Inlet steam enthalpy

Inlet steam pressure

Inlet steam
temperature

Weighted
temperature of inlet
steam flow rate

Temperature
difference of low-
temperature inlet
interface

Average steam
temperature

Flue gas average
temperature

Symbol

Qroof

Qs,sh

Qrw

waw

Qc

tw, ave

Ag;

tave

eave

Unit
kikg

°C
°C

ki/kg

ki/kg

ki/kg

ki/kg

ki/kg

ki/kg

°C

°C

°C

°C

°C

°C

Formulae and
data source

(D1=Dysp)/(D1=Dys1~
DdsZ)i’psthds1/(D17Dds]7
DdsZ)ifw

See Table C9

See Standard Steam Table

Trial and error

Trial and error

Trial and error

Trial and error

I"=I" + Aal®a)=Qro0i~
Qs,sh*wa*waw

=3 ~6BcaIQc/(D1_Dd52_
Dds1)

Determine from design

See Standard Steam Table

(Droof/D)t,r,c +
(Ds,sh/D)t"s/sh

t 7tw/ave

"+ t")/2

" +6")2

Result
3011.8

14.4

407.5

71

82

33

81

3105.1

2711.8

14.7
350.0

349.7

0.2

378.7

636.2

(Continued)
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TABLE C13 Thermal Calculation of Low-Temperature Superheater (cont.)

No.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Parameter
Flue gas velocity

Thermal
conductivity of flue
gas

Dynamic viscosity of
flue gas

Average Prandtl
number of flue gas

Prandtl number of
flue gas

Correction factor for
rows

Flue gas composition
and temperature
correction coefficient

Correction factor
for the geometric
arrangement

Flue gas side
convection
coefficient

Average steam
pressure
Average specific
volume of steam

Average velocity of
steam

Correction factor for
tube diameter

Thermal conductivity
of steam

Dynamic viscosity
of steam

Prandtl number of
steam

Steam side heat
transfer coefficient

Ash deposition
coefficient

Symbol
s
A

<

Prave

Pr

o

pave

Vave

Pr

a

Unit
m/s

W/
(m-°C)

m?/s

w/
(m?-°C)

MPa
m>/kg

m/s

W/
(m-°C)

m?/s

W/
(m?-°C)

m2-°C/W

Formulae and
data source

BealV(Bave + 273)/273A,)
Refer to Appendix D6.27
Refer to Appendix D6.27
Refer to Appendix D6.28
(0.94 + 0.56/1,0)Praye

Refer to Appendix D 6.29

0.92 + 0.726r,0

Refer to Appendix D6.30

0.2M/d(y v PO3C,C.C,

0.5(p" + p")

See Standard Steam Table
(D]_Dds2_Dds1)Vave/
(3600A,,)

Refer to Appendix D6.26
See Standard Steam Table
See Standard Steam Table
See Standard Steam Table

0.023/dy (@0 V)O3PrO4Cy

Refer to Appendix D 6.33

Result
10.69
0.0771

9.60
10
0.606

0.594

0.972

0.923

67.33

14.55
0.015
10.47
0.91
0.081
3.81E-
07
1.41

3459.4

0.0043
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TABLE C13 Thermal Calculation of Low-Temperature Superheater (cont.)

No.

39

40

41

42

43

44

45

46

47

48

49

50

51
52

53

54

55

56

Parameter

Fouling layer
temperature of tube
wall

Product of p, and s

Radiant absorption
coefficient of gas

Radiant absorption
coefficient of fly ash

Radiant absorption
coefficient of flue
gas radiation

Exponent of Eq.
(2.73)

Flue gas emissivity

Radiation heat
transfer coefficient

Fuel correction
coefficient

Radiation heat
transfer coefficient
correction

Flowing uniformity
coefficient

Flue gas side heat
transfer coefficient

Effective coefficient

Overall heat transfer
coefficient

Counterflow
small temperature
difference

Counterflow
large temperature
difference

Logarithmic mean
temperature
difference

Convection heat

Symbol

=

A’-‘min

Atma)(

At

Qc,cal

Unit
°C

w/
(m?-°C)

w/
(m?-°C)

W/
(m?-°C)

W/
(mZ,oc)

°C

°C

°C

ki/kg

Formulae and
data source Result

toe + 1000(e+1/0,)ByQJA  438.2

pras 0.00265

10.2[(0.78 + 1.6rp,0)/ 36.14
(10.2p,5)*5-0.1]
(1-0.37T,,e/1000)

48350p,/(Toye’ i) 97.99
kgfn + kfa[.Lfa 8.45
Kps 0.1
1—ekps 0.10
5.7 X 107%a,, + 11.18

1/2aTye 1=/ Tove) 1/
(1~(T/ Tove)]

Refer to Appendix D6.34 0.4

a,[1 + A(T'/1000)%-25 15.39
(lr/b)OAO7]
Determine from design 1

(constant 1)

0oy + o, 82.72

Refer to Appendix D6.35  0.65

yaon/(a + aq) 52.51
0"t 172.1
0'—t" 343.0

(At ax—Abmin)/(INAt o/ At i) 247.8

KAtA/(10008.)) 3116.2

(Continued)
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TABLE C13 Thermal Calculation of Low-Temperature Superheater (cont.)

No.

57
58

59

60

61

62

63

64

65

66

67

68

69

70
71

Parameter
Error

Working medium
temperature of
bottom water wall

Average temperature
difference of heat
transfer

Absorbed
convection heat of
bottom water wall

Error

Inlet steam enthalpy
of furnace roof
superheater

Inlet steam
temperature of
furnace roof
superheater

Steam enthalpy
increment of furnace
roof superheater

Outlet steam
enthalpy of furnace
roof superheater

Pressure of furnace
roof superheater

Outlet steam
temperature of
furnace roof
superheater

Average temperature
difference

Absorbed convection
heat of furnace roof
superheater

Error

Average temperature
difference of heat
transfer of rear water
leading tube

Symbo
E

tsw

waw,cal

o
I roof

t,roof

Afigof

i
I'roof

Proof

t’r’oof

At

Qroof,cal

Aty

Unit
%
°C

°C

kl/kg

%

ki/kg

°C

ki/kg

kl/kg

Mpa

°C

°C

kl/kg

%
°C

Formulae and
data source

(Qc*Qc,cal)/Qc X 100

See Standard Steam Table
(saturated temperature)

eave_tsw

KAtApww/(10008,)

(waw'waw,cal)/
Qpww X 100

See Table C11

See Table C11

3 -6QroochaI/(D1_Dds1_Dd52)

i /roof + Alroof

Determine from design

See Standard Steam Table

eavefo-S(t,roof + tl"’OOf)

KAtA 106/(1000B )

(Qroof_ Qroof,cal)/ Qroof X 100

aaveftsw

Result
-0.36
342.53

293.7

81.2

-0.22

2684.9

348.3

6.86

2691.8

14.8

348.5

287.8

70.5

0.73
293.7
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TABLE C13 Thermal Calculation of Low-Temperature Superheater (cont.)

Formulae and

No. Parameter Symbol Unit data source Result

72 Rear water leading  Qqycal ki/kg KAtA/(1000B.,) 33.2
tube convection
heat

73 Error e % (QuQuycall/Quy X 100 —0.59

74 Side wall Ps,sh Mpa Determine from design 14.7
temperature pressure

75  Side wall steam flow Dj g, t/h See Table C12 (paralled 190.83
rate two paths)

76 Side wall steam A gh kikg 3.6Qs shBcal/Ds sh 16.44
enthalpy increment

77  Side wall inlet steam i g, ki/kg ey = s 2691.8
enthalpy

78  Side wall inlet steam ¢ °C st = s 348.5
temperature

79  Side wall outlet I ki/kg i sh + Alg g 2708.2
steam enthalpy

80  Side wall outlet @t °C See Standard Steam Table ~ 349.57
steam temperature

81 Side wall average lis i v °C 0.5(tg sh + € sh) 349.04
steam temperature

82  Average temperature At °C ()i ol e 287.19
difference

83  Side wall absorbed Qg cal  kI/kg KAtA, /(1000 B, 81.9
convection heat

84 Error @ % (Qs,sh—Qs sh,cal)/Qs sh X 100 0.08

The structure design and thermal calculation of the reversing chamber are
shown in Tables C14 and C15.

Recall that the connecting space between the horizontal flue ductwork and
back-end shaft is the reversing chamber. The flue gas flow field is uneven, and
the flue gas sweeping to heating surfaces is incomplete, thus heating surfaces
are generally not arranged in the reversing chamber. For modern large- and
mid-size boilers, which typically adopt a pendant structure, the enclosure wall
superheater, pendant tube, and steam and water leading tubes are usually ar-
ranged in the reversing chamber. Due to the low flue gas velocity in the revers-
ing chamber, the convection heat is low enough to be ignored; only radiation
heat must be accounted for.
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TABLE C14 Structure Calculation of Reversing Chamber

Parameter
Tube diameter
Tube thickness

Reversing chamber
height

Reversing chamber

depth

Reversing chamber
width

Total side wall area
Rear wall area
Roof area

Total heating area

Reversing chamber
configuration factor

Radiation heating
area

Reversing chamber
peripheral area

Reversing chamber
volume

Effective radiation
layer thickness

Symbol  Unit
d mm
o mm
hy m
by m
Wie m
Hs,sh m2
Hr,sh m2

2
Hroof m
Hie m?
Xre m?
H m?
HSUI’ m2
% m?
s m

Formulae or
data source

Determine from design
Determine from design

Determine from design
Determine from design
Determine from design

2hcbye

WTChI'C

WI’CLI'C

Hs,sh + Hr,sh + Hroof

Determine from design
XrcH e

Il iy = 2l 5 2k
0.5H, shWie

3.6V/Hq,

TABLE C15 Thermal Calculation of Reversing Chamber

Parameter

Inlet flue gas
temperature

Inlet flue gas
enthalpy

Side wall absorbed
heat

Symbol  Unit
o °C

r ki/kg
Qs,sh kJ/kg

Formulae or
data source

See Table C13

See Table C13

Trial and error

Value
51

5.618

5.6

9.841

62.92
55.28
55.11
173.31

173.31

283.71

309.59

3.93

Value
522

7318.4

38
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TABLE C15 Thermal Calculation of Reversing Chamber (cont.)

10

11

12

13

14

15

16

17

18

19
20

Parameter

Rear wall absorbed
heat

Roof absorbed
heat

Total absorbed
heat

Outlet flue gas
enthalpy

Outlet flue gas
temperature

Average flue gas
temperature

Inlet steam
temperature

Inlet steam
enthalpy

Steam enthalpy
increment

Reversing
chamber outlet
pressure

Reversing chamber
outlet steam
enthalpy

Reversing chamber
outlet steam
temperature

Average steam
temperature

Ash deposition
coefficient

Fouling layer
temperature of tube
wall

Product of p, and s

Radiant absorption
coefficient of gas

Symbol
Qr,sh

Qroof
Q

/"

6”

eave

Unit
ki/kg

ki/kg
ki/kg
ki/kg
°C
°C
°C
ki/kg
ki/kg

Mpa

ki/kg

°C

°C

m?-°C/W

°C

m-MPa
I/(m-MPa)

Formulae or
data source

Trial and error

Trial and error
Qs 3> Qi 3 Qe
I'-Q/¢

See Table C3
0.5(6"+6")

See Table C13, t/yof
See Table C13
3.6Q,B.//Dy,

Determine from
design

i+ Ai

See Standard Steam
Table

0.5(t' +t")

Refer to Appendix
D6.33

tave + 1000€B0Q/H

Pras

10.2[(0.78

+1 .6fH20)/
(10.2p,$)*-0.1]
(1-0.37T,,/1000)

267

Value

33.5

104.8

7213.2

515.0

518.5

348.5

2691.8

19.54

14.7

2711.3

349.86

349.18

0.0043

376.8

0.0817
6.33

(Continued)
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TABLE C15 Thermal Calculation of Reversing Chamber (cont.)

No.

21

22

23

24
25

26

27

28

29

30

31

32

Parameter

Radiant absorption
coefficient of fly ash

Radiant absorption

coefficient of flue gas

radiation

Exponent of
Eq. (2.73)

Flue gas emissivity

Radiation heat
transfer coefficient

Average temperature
difference

Absorbed heat of
roof superheater

Error

Absorbed heat of

rear wall superheater

Error

Absorbed heat of

side wall superheater

Error

Symbol
kfa

At

Qroof,ca[

Qr,sh,cal

Qs,sh

C7 HEAT DISTRIBUTION

The above calculation is only the first step. Next, it is necessary to validate the
accuracy of the boiler heat distribution and exhaust gas temperature. If the er-
ror is acceptable by specified requirements, the other heating surfaces can be
calculated—if not, the structure design and thermal calculation of the heating
surfaces must be recalculated. Table C16 shows necessary information related
to heat distribution.

Unit
I/(m-MPa)

I/(m-MPa)

w/(m?-°C)

°C
ki’kg
%
ki’kg
%
ki’kg

%

Formulae or
data source

48350py/(T,e*di?)'"

kgr nHKfaltia

Kps

1—ekps

5.7 X 107%a,,
+ 1)/2aT > [1-
(To/ Tove) /11—
(T Tave)l

eaveftw
0, AtH o0 /(1000B,,))

(Qroof_Qmof,cal)
/Qyo0f X 100

@, AtH, 4/(1000B,)

(Qr,sh*Qr,sh/cal)/Qr,sh
X 100

,AtH, /(1000B,)

(Qs,sh*Qs,sh,cal)
/Qs,sh X 100

Value

107.43

2.24

0.879

0.585
45.35

141.7

33.3

-0.07

33.4

0.21

38.0

-0.12



TABLE C16 Heat Distribution

10
11

12

13

14

Parameter

Heat utilized by
boiler

Radiation heat of
furnace

Absorbed convection
heat of platen
superheater

Radiation heat from
flue gas to heating
surface through
panel

Absorbed
convection heat of
high-temperature
superheater

Absorbed heat of
low-temperature
superheater

Absorbed heat of
additional heating
surfaces

Total absorbed heat
after economizer

Adiabatic released
heat before
economizer

Error

Outlet steam
enthalpy of boiler

Boiler blowdown
percentage

Economizer water
flow rate

Economizer outlet
water enthalpy

Symbol
Qut

Q

sth,c,cal

er,cal

sth,c,cal

sth,c,cal

2Q,dd

2Q

2Q,

DecD

o
’eco

Unit
ki/kg

ki/kg

ki/kg

ki/kg

ki/kg

ki/kg

ki/kg

ki/kg

ki/kg

%
ki/kg

%
t/h

ki/kg

Appendix C

Formulae and
data source

Qb/BcaI
See Table C7

See Table C9

See Table C9

See Table C11

See Table C13

z:Qroof + 2wa + EQrw
+ E(Qs,sh + E(Qr,sh =
223.6+116.1 +318 +
111.4+178.1 + 81.2 +
70.5+33.2 +81.9+33
+33.4+37.7

Qr + sth,c,cal + er,cal
+sth,c,cal + sth,c,cal +
ZQadd

PQ-h" + Aal®y) =
0.996 X [31308.5—
7213.2 + (1.26-1.2) X
193.3]

1000(2Q;-=Q/2Q,
See Table C4

See Table C4
Dy + Dpg—Dys

D 1/ D ecoi ,s,s_
BcaIEQ/Deco_
Dbd/Decoi,s_Dds/Decoifw

269

Result
26014.1

15205.4

1245.3

143.9

3091.1

3116.2

1318.7

24120.7

24010.5

-0.46
3437.47

400.1

1207.4

(Continued)
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TABLE C16 Heat Distribution (cont.)

Formulae and

No. Parameter Symbol Unit  data source Result
15 Economizer @ ki’kg D) et Bl 2000.1
absorbed heat (by
balance)
16 Air preheater Quph Kikg  (Baph + 0.5A0)(19,—1%)  3368.1
absorbed heat
17 Exhaust gas enthalpy /ey cal kKi’kg  17~(Qeco + 1952.9
verification Quph)/@+0.5Aa 44 (If, +
lga) + Aaeco’?\a
18  Exhaust gas Oex,cal °C See Table C3 136.3
temperature
verification

Note: The total error of verification of heat transfer of the heating surface posteconomizer (in terms
of steam and water flow direction) should be less than +0.5%; the outlet working medium tempera-
ture of the upper stage economizer can be calculated according to the heat balance to verify the
exhaust gas temperature.

C8 ECONOMIZER STRUCTURE DESIGN AND THERMAL
CALCULATION

The structure of the upper stage economizer is shown in Fig. C8 and Table C17.
The thermal calculation of the upper stage economizer is detailed in Table C18.
The structure of the lower stage economizer is shown in Fig. C9 and Table C19,
and its thermal calculation process is detailed in Table C20.

50| 55 X 100=5500
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FIGURE C8 Structure diagram of upper stage economizer.



TABLE C17 Structure of Upper Economizer

10
11

12

13

14

15

16

17

18

19
20
21

Parameter
Tube diameter
Tube thickness

Number of transverse
even rows

Number of transverse
odd rows

Average transverse
rows

Longitudinal rows
(longitudinal
direction)

Number of total
transverse rows

Bending radius
Transverse spacing
Longitudinal spacing
Relative transverse
pitch

Relative vertical pitch
Distance from

economizer to outlet
header

Radiative space depth
before economizer

Economizer height

Distance from
economizer to side
wall

Distance from
economizer tubes to
central line

Distance from
economizer to front
and rear walls

Flue duct width
Flue duct depth

Number of sets of
economizer tubes

Symbol

51
$2

0

0,

ltank

Unit
mm

mm

SHEENE
3

Appendix C

Formulae or
data source

Determine from design
Determine from design

Determine from design
Determine from design
0'5(21,even + ZLodd)

Determine from design

Zl,odd + Z1 ,even

Determine from design
Determine from design
Determine from design
sy/d

52/d

Determine from design
htn + ltank

(Zy=1)s,

Determine from design
Determine from design

Determine from design

Determine from design
Determine from design

Determine from design

271

Value
32

56

55

55.5

20

111

60
100
60
3.13

1.88
1.2

6.818

1.140
24

50

50

9.841
5.6

(Continued)
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TABLE C17 Structure of Upper Economizer (cont.)

No.

22

23

24

25

26

27

28

29
30
31
32

Parameter

Tube length of each
row

Total tube length of
heating surface

Tube length of the top
two rows

Tube length near wall
and central line

Tube length in

the clearance (gas
corridor) adjacent to
side wall

Tube length of elbow
and middle section

Tube length of
effective heating
surface

Heating area
Flue gas flow area
Water flow area

Effective radiation
layer thickness

Symbol

—

> > >

Unit

m

Formulae or
data source

a-2(8; + 6,)

24 ave Zoli + NAR(Z,-2)/2
nl;

2(Z,-4);

2[761

2n7R(Z,/2-1)

I'=(h + I+ 1)/2 + 15/2

mdl

ab-Z,d(l; + 4R)
2n(nd,2/4)
0.9d(40,0,/7-1)

TABLE C18 Thermal Calculation of Upper Stage Economizer

Parameter

Inlet flue gas enthalpy

Inlet flue gas temperature

Outlet flue gas
temperature

Outlet flue gas enthalpy

Absorbed convection
heat of economizer

Boiler blowdown
percentage

Symbol
v

o

Y.

/"
Qc

Opd

Unit
ki/kg
°C
°C

ki/kg
ki/kg

%

Formulae or
data source

See Table C15
See Table C15

Trial and error

See Table C3
QU"—I' + Aal°,)

See Table C16

Value

9.693

10947.8

1075.9

310.2

5.33

376.6

10069.1

1012.3
37.5
0.10
0.186

Value
7213.2
515.0
421

5938.7
1273.2



Appendix C

TABLE C18 Thermal Calculation of Upper Stage Economizer (cont.)

10

11
12
13

14

15

16

17

18

19

20

21

22

23

24

25

26

Parameter

Economizer water flow
rate

Economizer outlet water
enthalpy

Outlet water pressure
Outlet water temperature

Inlet water enthalpy
Enthalpy increment

Inlet water pressure
Inlet water temperature

Counterflow large
temperature difference

Counterflow small
temperature difference

Counterflow logarithmic
mean temperature
difference

Average flue gas
temperature

Average water
temperature

Working medium mass
flux

Flue gas velocity

Thermal conductivity of
flue gas A

Dynamic viscosity of
flue gas v

Average Prandtl number
of flue gas

Prandtl number of flue
gas

Relative diagonal pitch

Symbol
DECO

Atmax
Atmin

At

eave

tave

PO

Prave
Pr

Szl/d

Unit
t/h

ki/kg
MPa
°C

ki/kg
k)/kg
MPa

°C
°C
°C

°C

°C

°C
kg/(m?s)
m/s
W/(m-°C)

m?/s

Formulae or
data source

See Table C16
See Table C16

Determine from
design

See Standard Steam
Table

i”_3-6BcaIQc/Deco

Determine from
design

See Standard Steam
Table

o'—t"
0"—t

(Atmax_Atmin)/
(/nAtmax/Atmin)

0"+ 6")/2
(t'+t")/2
Dl (BLEA)

BealV(@ave + 273)/
(273A9)

Refer to Appendix
D6.27

Refer to Appendix
D6.27

Refer to Appendix
D6.28

(0.94 + 0.56r1;,0)
Prave

[1/4(s1/d)? +
(sz/d)2]1/2

273

Value

400.1

1207.4

15.07

275.0

1085.6
121.7
15.3

249.9

240.0

171.1

203.6

468.0
262.4
1106.6
7.54
0.0626
6.79
1075
0.623

0.610

2.44

(Continued)
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TABLE C18 Thermal Calculation of Upper Stage Economizer (cont.)

No.

27
28

29

30

31

32

33

34

35

36

37

38
39

40

41

42

43

44

Parameter
Parameter

Correction factor for
rows

Flue gas composition
and temperature
correction coefficient

Correction factor for the
geometric arrangement

Flue gas side convection
coefficient

Fouling layer
temperature of tube wall

Product of p, and s

Radiant absorption
coefficient of gas

Radiant absorption
coefficient of fly ash

Radiant absorption
coefficient of flue gas
radiation

Exponent of Eq. (2.73)
Flue gas emissivity

Radiation heat transfer
coefficient

Fuel correction
coefficient

Radiation heat transfer
coefficient correction

Basic ash deposition
coefficient

Additional correction
factor for ash deposition

Correction factor for
tube diameter

Symbol

kps

o7

Age

Ca

Unit

w/(m?-°C)

°C

m-MPa

1/(m-MPa)

1/(m-MPa)

I/(m-MPa)

w/(m?-°C)

w/(m?-°C)

m?2-°C/w

m?-°C/w

Formulae or
data source
(s1/d=1)/(s3/d-1)

Refer to Appendix
D6.36

0.92 +0.726r,0

0.95¢,""!

0.358\/d(c,/v)*®
PHHC L,

i 3 60

Pras

10.2((0.78

ar 1.6I‘H20)/
(10.2p$)°°-0.1]
(1-0.377,,/1000)

48350p,
(Tave2 dfa )1/3

kgr n+kfa/~“fa

Kps
[(SEptty

5.7 X 1078,
+ 1)/2aT,,’[1-
(Tl Towe)1/11—
(TW/Tave>]

Refer to Appendix
D6.34

a1 + A(T'/1000)°2
5(/r/b)0'07]

Refer to Appendix
D6.37

Refer to Appendix
D6.38

Refer to Appendix
D6.39

Value

1.47

0.971

0.988

77.02

112.2

7.69

0.143

0.133
8.26

0.4

13.99

0.0032

0.0017

0.75
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TABLE C18 Thermal Calculation of Upper Stage Economizer (cont.)

Formulae or

No. Parameter Symbol  Unit data source Value

45 Ash deposition £ m*°C/w  Cye+Ae 0.0041
coefficient

46 Flue gas side heat @ W/(m?°C)  ay + af 91.00
transfer coefficient

47 Overall heat transfer K W/(m?-°C)  ay/(ea; + 1) 66.27
coefficient

48  Convection heat Qc cal ki/kg KAtA/(10008.,)) 1285.4

49  Error @ % (Q—Qc,cal)/Qc X -0.96

100

50 1966 /

1380

1000

1380

FIGURE C9 Structure diagram of lower stage economizer.
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TABLE C19 Structure of Lower Stage Economizer

13
14

19
20
21

Parameter
Tube diameter
Tube thickness

Number of transverse
even rows

Number of transverse
odd rows

Average transverse
rows

Longitudinal rows
(vertical direction)

Number of total
transverse rows

Bending radius
Transverse spacing
Longitudinal spacing

Radiative space
depth before
economizer

Economizer partition
depth
Economizer height

Relative transverse
pitch

Relative longitudinal
pitch

Distance from
economizer tubes to
side wall

Distance from
economizer tubes to
central line

Distance from
economizer to front
or rear wall

Flue duct width
Flue duct depth

Number of sets of
economizer tubes

Symbol
d
o

Z],even
Z1,0dd
Z1,ave

7

S1

S2

spa

(9]

84

8

1\

o

Unit
mm

mm

Formulae or
data source

Determine from design
Determine from design

Determine from design
Determine from design
0.5(Z even + Z1,0dd)
Determine from design
(ZieveniiZiiodd)

Determine from design
Determine from design
Determine from design
Determine from design

Determine from design

Determine from design
5]/d

so/d

Determine from design

Determine from design

Determine from design

Determine from design
Determine from design

Determine from design

Value
32

44

43

43.5

48

87

60
100
60

3.76
3.125

1.875

24

50

50

9.841
4.4
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TABLE C19 Structure of Lower Stage Economizer (cont.)

No.

22

23

24

25

26

27

28

29
30
31
32

Parameter
Tube length of each

row

Tube length of
heating surfaces

Tube length of the top
two rows

Tube length near wall
and central line

Tube length in

the clearance (gas
corridor) adjacent to
side wall

Bend and middle
section

Tube length of
effective heating
surface

Heating area
Flue gas flow area
Water flow area

Effective radiation
layer thickness

Symbol
I

I
i
h

h

—

> > >

(%)

Unit

m

Formulae or
data source

a-2(81 + 6,)

2y aveZali + nAR(Z,-2)/2
2nl;

4(Z-4);

2”6]

2n7R(Z,/2-1)

I'=(h + 1 + 172 + 15/2

dl

ab-Z,d(l; + 4R)
2n(nd,2/4)
0.9d(40,0,/7-1)

TABLE C20 Thermal Calculation of Lower Stage Economizer

Parameter

Inlet flue gas
enthalpy

Inlet flue gas
temperature

Inlet water pressure

Inlet water
temperature

Inlet water enthalpy

Symbol
l/

0

Unit
ki’kg

°C

MPa
°C

ki’kg

Formulae or
data source

See Table C22

See Table C22

Determine from design

Determine from design

See Standard Steam
Table

277

Value

9.693

20616.7

1686.6

1706.0

4.18

754.4

18545.3

1864.4

29.47

0.0787
0.186

Value

4625.3

326.8

15.6
235

1016.1

(Continued)
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TABLE C20 Thermal Calculation of Lower Stage Economizer (cont.)

20

21

22

23

24

Parameter

Economizer water
flow rate

Outlet flue gas
temperature

Outlet flue gas
enthalpy

Absorbed convection
heat of economizer

Economizer outlet
water enthalpy

Outlet water pressure

Outlet water
temperature

Temperature
difference

Counterflow large
temperature difference

Counterflow small
temperature difference

Counterflow
logarithmic mean
temperature difference

Average flue gas
temperature

Average water
temperature

Flue gas velocity

Working medium
mass flux

Thermal conductivity
of flue gas A
Dynamic viscosity of
flue gas v

Average Prandtl
number of flue gas

Prandtl number of
flue gas

Symbol
Deco

9"
"

Qq

Atmax
Atmin

At

oave

tave

P lave

Pr

Unit
t/h

°C

ki’kg
kl/kg
k)/kg

MPa
°C

°C
°C
°C

°C

°C

°C

m/s
kg/(m?s)
W/(m-°C)

m?/s

Formulae or
data source

See Table C16
Trial and error
See Table C3
o('—1" + Aal®.,)
"+ 3.6B¢a1Q/Deco

Determine from design

See Standard Steam
Table

o'—t"
0"—t

(Atmax_Atmin)/
(lnAtmax/Atmin)

0"+ 6")/2
(t"+t")/2

BealV(Oave + 273)/
(273A,)

D (BLEA)

Refer to Appendix
D6.27

Refer to Appendix
D6.27

Refer to Appendix
D6.27

(0.94 + 0.5671,0)Praye

Value

400.1

275

3919.7

706.6

1083.7

15.3
249.5

77.3

40.0

56.6

300.9

2423

7.70
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TABLE C20 Thermal Calculation of Lower Stage Economizer (cont.)

No.

25

26
27

28

29

30

31

32
33

34

35

36

37

38

39

40

41

Parameter

Relative diagonal
pitch

Parameter

Correction factor for
rows

Flue gas composition
and temperature
correction
coefficient

Correction factor
for the geometric
arrangement

Flue gas side
convection coefficient

Fouling layer
temperature of tube
wall

Product of p, and s

Radiant absorption
coefficient of gas

Radiant absorption
coefficient of fly
ash

Radiant absorption
coefficient of flue gas
radiation

Exponent of Eq. (2.73)
Flue gas emissivity

Radiation heat transfer
coefficient

Fuel correction
coefficient

Radiation heat transfer
coefficient

Basic ash deposition
coefficient

Symbol
52’/d

kps

Ay

Unit

w/(m?-°C)

°C

m-MPa
1/(m-MPa)

1/(m-MPa)

1/(m-MPa)

w/(m?-°C)

w/(m?-°C)

m?2-°C/w

Formulae or
data source

[1/4(s1/d)? + (sy/c)?] "2

(s1/d=1)/(s3/d~1)

Refer to Appendix
D6.36

0.92 + 0.726r,0

0.768¢p,2>

0.358)\/d(y/v)*°
AHCLL,

(e 35 25

pras

10.2[(0.78 + 1.6rp,0)/
(10.2p,$)°5-0.1]
(1-0.37T,,/1000)

48350p/(Tyy2di,2)"3

kgr n + Kiatta

kps

1—ekps

5.7 X 107%a,, +

1 )/2aTave3 [1 —(Tw/Tave)4]/
(1~(T/ Tave)]

Refer to Appendix
D6.34

a1 + A(T'/1000°2%(
/b)*7)

Refer to Appendix
D6.37

279

Value

2.44

1.47

0.97

0.93

74.94

267.3

0.0037
35.89

132.91

8.25

0.154

0.142

5.06

0.4

7.69

0.0025

(Continued)
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TABLE C20 Thermal Calculation of Lower Stage Economizer (cont.)

Formulae or

No. Parameter Symbol  Unit data source Value
42 Additional correction  Ae m*°C/w  Refer to Appendix 0
factor for ash D6.38
deposition
43 Correction factor for Cq = Refer to Appendix 0.75
tube diameter D6.39
44 Ash deposition factor & m2°C/w  Cue+Ae 1.88
1073
45 Flue gas side a; W/ ag+a's 82.62
heat transfer (m?-°C)
coefficient
46 Overall heat transfer K W/ a/(eaq + 1) 71.54
coefficient (m?-°C)
47  Convection heat Qc cal ki/kg KAtA/(1000B,,) 710.8
48 Error e % (Q—Qe,ca)/Qc X 100 —0.59

The economizer is arranged in two stages and calculated by stage. Consid-
ering the ash content of coal, guard tiles should be arranged for the first and
second rows of tubes at the flue gas inlet of the tube bundles, tube bend, and
tubes near the wall.

The upper stage economizer should be smaller than the lower stage econo-
mizer to leave the upper air preheater sufficient temperature difference.

Flue gas velocity of convection heating surfaces is related to both heat trans-
fer intensity of heating surfaces and flue gas side flow resistance and abrasion.
Enhancing flue gas velocity improves the heat transfer and reduces the con-
sumption of steel resources, but increases flow resistance and abrasion of heat-
ing surfaces. This example refers to practical experience provided by Beijing
Boiler Company for heating surfaces arrangements designed to ensure reason-
able flue gas velocity.

C9 AIR PREHEATER STRUCTURE DESIGN
AND THERMAL CALCULATION

The structure of the upper air preheater is shown in Fig. C10 and Table C21,
and its thermal calculation process is detailed in Table C22. The structure of the
lower air preheater is shown in Fig. C11 and Table C23, and its thermal calcula-
tion process is detailed in Table C24.
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FIGURE C10 Structure design of upper stage air preheater.
TABLE C21 Structure of Upper Stage Air Preheater
Formulae or

No.

G A W N

Parameter

Tube diameter

Tube thickness
Number of pass
Number of tube box

Number of transverse
tube box

Rows of tube box of air
flow direction

Tube box height
Transverse spacing

Longitudinal spacing

Symbol
d
0

B;

By

S1

$2

Unit

data source

Determine from design
Determine from design
Determine from design
Determine from design

Determine from design
Determine from design

Determine from design
Determine from design

Determine from design

Value
40
1.5

12

72
43

(Continued)
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TABLE C21 Structure of Upper Stage Air Preheater (cont.)

No.

10

11
12

13

14
15

17
18
19

20

21
22
23
24
25

Parameter

Relative transverse
pitch

Relative vertical pitch

Transverse rows of
single casing

Rows of single
casing in air flow
direction

Transverse rows

Rows of air flow
direction

Number of tubes of
a casing

Total number of tubes
Casing spacing

Distance from casing to
side wall

Distance from casing to
front and rear walls

Flue duct width
Heating area

Flue gas flow area
Air flow area

Effective radiation layer
thickness

Symbol

0

0,
Z;

Zyp
Z
Z;
ni

3n

Unit

Formulae or
data source

5]/d

Sy/d

Determine from design

Determine from design

B]ZH

Determine from design
Determine from design

niB
Determine from design

Determine from design
Determine from design

Determine from design
2nhm(d-8)/1000
Sn/4d,?
2h(a-Z,d-58,)

0.9d,

TABLE C22 Thermal Calculation of Upper Stage Air Preheater

Parameter Symbol
Inlet flue gas 0’
temperature

Inlet flue gas I
enthalpy

Excess air coefficient 8.,

at air preheater outlet

Unit

kl/kg

Formulae or
data source

See Table C18

See Table C18

See Table C7

Value

1.8

1.075
23

63

138

126

1418

17016
50
43.5

50

9.841
6174.3
18.30
24.43
0.0333

Value
421

5938.696

1.11
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TABLE C22 Thermal Calculation of Upper Stage Air Preheater (cont.)

© 0 N O

10

11
12

13

14

15

16

17

18

19

20
21
22

Parameter

Excess air coefficient
at air preheater inlet

Outlet air
temperature

Outlet air enthalpy
Inlet air temperature
Inlet air enthalpy

Air preheater
absorbed convection
heat

Average air
temperature

Average air enthalpy

Outlet flue gas
enthalpy

Outlet flue gas
temperature

Flue gas average
temperature

Counterflow
small temperature
difference

Counterflow
large temperature
difference

Counterflow
logarithmic mean
temperature
difference

Large temperature
drop

Small temperature
drop

Parameter
Parameter

Temperature
difference correction
coefficient

Symbol
Blpah

tave

’ave

"

Oave

Atmin

Atma)(

At

tmax

tmin

Unit

°C
ki/kg
°C
ki/kg
ki/kg
°C

°C
ki/kg

°C
°C

°C

°C

°C

°C

°C

Formulae or
data source

Bin + Aa

Determine from
design

See Table C3

Trial and error

See Table C3
(I7=12)(B" aph + 0.5A)

(t"+1")/2

(I3 +1)/2
I'-QJp+Aaie

See Table C3
0 +0")/2

0/—t"

9"—t'

(Atmax_Atm i n)/
(INAt /At imin)

t'—t
0'—0"

tmin/(0'—t")
tmax/ tmin

Refer to Appendix
D6.40

Value

1.14

320

3147.8
197

1917.7
1383.8

258.5

2532.8
4625.3

326.8

373.9

101

129.8

114.8

123

94.17

0.420
1.31
0.93

(Continued)
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TABLE C22 Thermal Calculation of Upper Stage Air Preheater (cont.)

Formulae or
No. Parameter Symbol  Unit data source Value
23 Average temperature At °C WAL 106.8
difference
24 Average air velocity @, m/s Bea V(B pht+0.5A) 6.98
(tave +273)/
273 X A,)
25 Average flue gas @, m/s BealVg(Oave + 273)/ 13.73
velocity (273Ay)
26 Tube wall tw 4 0.5(taye + Oave) 316.2
temperature
27 Product of p,ands  pys m-MPa  pr,s 6.76 107*
28 Radiant absorption kg I/ 10.2[(0.78 + 82.42

coefficient of gas (m-MPa)  1.6r,0)/
(1 OAans)O‘S—O.T]
(1-0.37T,,./1000)

29 Radiant absorption kg, I/ 48350p/(Tyye’dp?)'?  122.79
coefficient of fly ash (m-MPa)

30 Radiant absorption k I/ kgl + Kiattta 17.76
coefficient of flue (m-MPa)
gas radiation

31 Exponent of Eq. kps - Kps 0.0591
(2.73)

32 Flue gas emissivity a = 1—e7kPs 0.0574

33 Radiation heat a, w/ 5.7 X 107%a,, + 1)/ 2.79
transfer coefficient (m2-°C)  2aT, 1T/ Tye)*l/

[T=(T/Tove)]

34 Correction factor for  C - Refer to Appendix 1
tube length D6.41

35 Flue gas tempera- Co - Refer to Appendix 0.98
ture and composi- D6.42
tion correction
coefficient

36 Flue gas tempera- (@ - Refer to Appendix 1
ture and wall tem- D6.43
perature correction
coefficient

37 Thermal conductivity A - Refer to Appendix 0.055
of flue gas D6.27

38 Dynamic viscosity of v - Refer to Appendix 5.38 X

flue gas D6.27 1072
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TABLE C22 Thermal Calculation of Upper Stage Air Preheater (cont.)

No.

39

40

41

42

43

44

45

46

47
48

49

50

51

52

53

54
55

Parameter

Average Prandtl
number of flue gas

Prandtl number of
flue gas

Flue gas side
convection heat
transfer coefficient

Flue gas side heat
transfer coefficient

Air thermal
conductivity

Air dynamic
viscosity

Air Prandtl number

Relative diagonal
pitch

Parameter

Correction factor for
rows

Flue gas composition
and temperature
correction coefficient

Correction factor
for the geometric
arrangement

Air side convection
heat transfer
coefficient

Utilization
coefficient

Overall heat transfer
coefficient

Convection heat

Error

Symbol

Prave

Pr

Q¢

Pr

sy/d

a

Qc,cal

Unit

W/
(m?-°C)

W/
(m?-+C)

W/
(m-°C)

m?/s

W/
(m?e°C)

ki/kg
%

Formulae or
data source

Refer to Appendix
D6.28

(0.94 + 0.56r1,0)Prpye

0.023M/d(e,d/
v08pr04C,CiC,,

a: + a;

Refer to Appendix
D6.27

Refer to Appendix
D6.27

Refer to Appendix
D6.27

[1/4(s1/d)* +
(SZ/d)Z] 1/2

(s1/d=-1)/(s3/d-1)

Refer to Appendix
D6.36

Refer to Appendix
D6.44

0.768¢2>

0.358\/d(w,d/v)
O.6Pr0.33CZCSCW

Refer to Appendix

D6.45

Saqay/(ay + ay)

KAtA/(1000B.)

(Qc_Qc/caI)/
Q. X 100

Value

0.635

0.622

41.60

44.39

0.0422

42810

0.69

1.40

1.99

0.92

1.08

64.73

0.85

22.38

1388.535
-0.34
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FIGURE C11 Structure diagram of lower stage air preheater.
TABLE C23 Structure of Lower Stage Air Preheater
Formulae or data
No. Parameter Symbol Unit source Value
1 Tube diameter d mm  Determine from design 40
2 Tube thickness ) mm  Determine from design 1.5
3 Number of pass n - Determine from design 3
4 Number of tube box B - Determine from design 12
5 Number of transverse B; - Determine from design 6
tube box
6 Rows of tube box of air B, - Determine from design 2
flow direction
7 Tube box height h m Determine from design 2.8
8 Transverse spacing 51 mm  Determine from design 72
Longitudinal spacing Sy mm  Determine from design 43
10 Relative transverse o, - s/d 1.8
pitch
11 Relative longitudinal o, = Sy/d 1.075
pitch
12 Transverse rows of Zi - Determine from design 23
single casing
13 Rows of single casing 7, - Determine from design 63
in air flow direction
14 Transverse rows Z, - B1Z; 138
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TABLE C23 Structure of Lower Stage Air Preheater (cont.)

No.

15

16

17
18
19

20
21
22
23
24

Parameter

Rows of air flow
direction

Number of tubes of a
casing

Total number of tubes
Casing spacing

Distance from casing
to wall

Flue duct width
Heating area

Flue gas flow area
Air flow area

Effective radiation layer
thickness

Symbol
2

> > > 0N
aa

(Y

S

Unit

mm

mm

Formulae or data
source

Determine from design
Determine from design

n-B
Determine from design

Determine from design

Determine from design
n-2n-hmd-8)/1000
Snm/4d,?
2h(a-Z,d-58,)

0.9d,

TABLE C24 Thermal Calculation of Lower Stage Air Preheater

w

® N O U A

Parameter

Inlet flue gas
temperature

Inlet flue gas enthalpy

Inlet air temperature

Inlet air enthalpy
Outlet air temperature
Outlet air enthalpy
Average air enthalpy

Excess air coefficient
at air preheater outlet

Air preheater
absorbed convection
heat

Symbol

I a,ave

Bian

Qc

Unit
°C

ki/kg
°C

k)/kg
°C

ki’kg
k)/kg

ki‘kg

Formulae or data
source

See Table C20

See Table C20

Determine from
design

See Table C3
Trial and error
See Table C3
I+ 1)/2

See Table C20

(Biph + 0.5A0)
(17-13)

287

Value

126

1418

17016
50
43.5

9.841
17288.1
18.30
22.80
0.0333

Value
275

3919.7
20

193.3
198
1927.5
1060.4
1.14

2003.0

(Continued)
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TABLE C24 Thermal Calculation of Lower Stage Air Preheater (cont.)

No.

10

19

20

21

22

23

24

25
26

Parameter

Outlet flue gas
enthalpy

Outlet flue gas
temperature

Average air
temperature

Flue gas average
temperature

Counterflow
small temperature
difference

Counterflow
large temperature
difference

Counterflow
logarithmic mean
temperature
difference

Large temperature
drop

Small temperature
drop

Parameter
Parameter

Temperature
difference correction
coefficient

Average temperature
difference

Average air velocity

Average flue gas
velocity

Tube wall temperature

Product of p, and s

Symbol
I//

9"
tave

0ave

A[min

Atmax

At

tmax

tmin

Atave

(2%

Unit
ki/kg

°C
°C
°C

°C

°C

°C

°C

°C

°C

m/s

m/s

°C
m-MPa

Formulae or data

source

'+ Aal, QU9
See Table C3
(t'+t")/2

0"+ 6")/2

o'—t"

9"t

(AtmaX*AtminV
(INAtya/ Atyin)

"=t
0'—0"

tmin/(e/_tl)
tmax/tmin

Refer to Appendix
D6.40

WAt

Bcalvo(ﬁ/;;ph +
0.5A0)(tyye + 273)/
273 X A)

BealVgBave + 273)/
(273A)

0.5(tave + Oave)

Pras

Value

1940.4

135.5

109

205.2

77

115.5

94.9

178

139.5

0.547

1.28

0.96

91.14

5.52

10.53

157.1
0.000654
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TABLE C24 Thermal Calculation of Lower Stage Air Preheater (cont.)

No.

27

28

29

30

31
32

33

34

35

36

37

38

39

40

41

Parameter

Radiant absorption
coefficient of gas

Radiant absorption
coefficient of fly ash

Radiant absorption
coefficient of flue gas
radiation

Exponent of Eq. (2.73)
Flue gas emissivity

Radiation heat transfer
coefficient

Correction factor for
tube length

Flue gas temperature
and composition
correction coefficient

Flue gas temperature
and wall temperature
correction coefficient

Thermal conductivity
of flue gas

Dynamic viscosity of
flue gas

Average Prandtl
number of flue gas

Prandtl number of
flue gas

Flue gas side
convection heat
transfer coefficient

Flue gas side heat
transfer coefficient

Symbol

kg

kfa

kps

o7

G

aq

Unit

I/
(m-MPa)

I/
(m-MPa)

(m-MPa)

w/
(m2-°C)

Formulae or data

source

10.2[(0.78 +

1 46I‘H20)/
(10.2p,$)*°=0.11
(1-0.37T,,o/1000)

48350py/(Tye*di?)'"

kgrn + Kpaltsa

kps

=t

5.7 X 10~%(a,, +
N2aT, 1T,/
T 1T/
Tave)]

Refer to Appendix
D6.41

Refer to Appendix
D6.42

Refer to Appendix
D6.43

Refer to Appendix
D6.27

Refer to Appendix
D6.27

Refer to Appendix
D6.28

(0.94 + 0.56r,0)
Prave

0.023\/d(e,d/
1O8PrO4C,CC,

o+ o

Value

90.40

150.00

18.96

0.0631

0.0612
1.18

0.98

0.040

3.19 X 107

0.669

0.654

38.43

39.61

(Continued)
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TABLE C24 Thermal Calculation of Lower Stage Air Preheater (cont.)

Formulae or data

No. Parameter Symbol  Unit source Value
42 Air thermal A W/ Refer to Appendix 0.12
conductivity (m-°C)  D6.27
43 Air dynamic viscosity v m%/s Refer to Appendix ~ 4.49 x 107
D6.27
44 Air Prandtl number Pr - Refer to Appendix 0.7
D6.27
45 Relative diagonal sy/d = [1/4(s,/d)? + 1.40
pitch (sy/d)?]'?
46 Parameter o - (s1/d=1)/(s3/d-1) 1.99
47 Correction factor for ~ C, - Refer to Appendix 1
rows D6.36
48 Flue gas composition  C,, - Refer to Appendix 0.92
and temperature D6.44
correction coefficient
49  Correction factor G - 0.768¢%° 1.08
for the geometric
arrangement
50 Air side convection a, W/ 0.358)\/d(w,d/v) 38.58
heat transfer (m*°C)  00p03C,CC,
coefficient
51 Utilization coefficient & - Refer to Appendix 0.7
D6.45
52 Overall heat transfer K W/ Saqay/lay + ay) 13.68
coefficient (m?%-°C)
53 Convection heat Qc cal ki/kg KAtA/(10008B4) 2028.6
54 Error @ % (Q—Qc,cal)/ -1.28
Q. X 100

The above example adopts two flue ducts to arrange back-end heating sur-
faces, as recommended by the Beijing Boiler Works. The aim is to arrange back-
end heating surfaces reasonably and sustain reasonable flue gas velocity.

Air inflation from the air preheater is different from that of other heating
surfaces. Hot air is leaked into the flue gas side, so average hot air temperature
and enthalpy should be adopted during the course of calculation.

The heat transfer condition of air preheaters is different from that of other
heating surfaces. The heat transfer coefficient on both sides of the heating sur-
face is a very important part of overall heat transfer. To ensure the structure is



TABLE C25 Summary of the Main Parameters of Thermal Calculation

Parameter

Outlet flue gas
temperature
Working
medium inlet
temperature
Working
medium outlet
temperature
Average flue
gas velocity
Average
working
medium
velocity
Heating area
Average
temperature
difference
Heat transfer
coefficient
Absorbed
convection
heat

A/H
At

K

Qc,cal

Unit
°C

°C

°C

m/s

m/s

°C

W/
m?°C
ki/kg

Platen
superheater

1005.0

395.0

447.6

5.59

17.82

519.8
635.3

40.07

1245.3

High-
temperature
superheater
hot stage

750.4

489.4

540.0

10.52

16.71

700.7
340.5

65.44

1469.3

High-
temperature
superheater
cold stage

750.4

447.8

500.3

10.52

15.41

672.7
395.1

64.85

1621.8

Note: the average working medium velocity of economizers is mass flux [kg/(m? - s)].

Low-
temperature
superheater

522.0

350.0

407.5

10.69

10.47

2545.3
247.8

52.51

3116.2

Reversing
chamber

515.0

348.5

349.9

173.3
141.7

45.35

104.8

Upper
economizer

421.0

249.9

275.0

1106.6

1012.3
203.6

66.27

1285.4

Upper air
preheater
326.8

197.0

320.0

13.73

6.98

6174.3
106.8

22.38

1388.5

Lower
economizer

275.0

235.0

249.5

7.70

1411.9

1864.4
56.6

71.54

710.8

Lower air
preheater
135.5

20.0

198.0

10.53

17288.1
91.1

13.68

2028.6
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economical and reasonable, a reasonable ratio of air velocity and flue gas veloc-
ity and reasonable flue gas velocity must be managed appropriately. Again, this
example was established according to practical information provided by the
Beijing Boiler Works. In their case, the flue gas velocity of the high-temperature
air preheater is 12—14 m/s, the flue gas velocity of the low-temperature air pre-
heater is 10-11 m/s, and the ratio of air velocity and flue gas velocity is ap-
proximately 0.5.

C10 MAIN THERMAL CALCULATION PARAMETERS
IN SUMMARY

The main parameters of boiler thermal calculation are summarized in
Table C25.
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Appendix D

Supplementary Materials [11,17]

This appendix provides supplementary materials to the principles and calcu-
lation of heat transfer in furnaces. An introduction to fuel and fuel types is
provided first, followed by fuel composition basics, including conversion of
composition. Section D2 introduces quantities of air related to fuel combustion.
Important terms, such as the theoretical air requirement for fuel combustion and
actual air supply for fuel combustion, are defined. The theoretical volumes of
combustion products and actual volume of combustion products are introduced
step-by-step, as well. Section D5 provides an enthalpy—temperature table for
reference during thermal calculation. The section concludes with some informa-
tion that complements Appendix C.

Boilers are used to produce steam or hot water. Fuel is the energy source for
the boiler. During boiler operation, fuel is continually supplied to the furnace
to ensure continuous combustion and smooth boiler function. It is necessary to
know the type and properties of the main products of combustion, and to know
how to apply this data most effectively to boiler design.

D1 FUEL

Boiler fuel types include solid fuel (mainly referring to coal), liquid fuel (mainly
heavy oil), and gas fuel (coal gas). In China, coal is the most popular boiler fuel.

The common classification for boiler coal is based on the volatile matter
content on a dry ash-free basis (V4,;) and heating value (HV). Coal is clas-
sified into anthracite, lean coal, low-volatility bituminous coal, high-volatility
bituminous coal, and lignite (Table D1). Based on the classification of V g, an-
thracite and bituminous coal fall into Subclass I, II, and IIT according to heating
value. Subclass I is inferior coal with poor combustion conditions, Subclass II
is medium-quality coal with better combustion conditions than Subclass I, and
Subclass III is superior coal. Stone coal and gangue fall into an additional set of
subclasses, also classified as I, II, and III according to HV.

Solid, liquid, and gas fuels are organic fuels comprised primarily of com-
plex, high-molecular hydrocarbons. The main elements of the combustible
portion of these fuels include carbon (C), hydrogen (H), oxygen (O), nitrogen
(N), and sulfur (S). The incombustible portion includes ash (A) and moisture
(M). C is the main combustible element of fuel, accounting for 15-90% of the

Theory and Calculation of Heat Transfer in Furnaces. http://dx.doi.org/10.1016/B978-0-12-800966-6.00017-X
Copyright © 2016 Tsinghua University Press Limited. Published by Elsevier Inc. All rights reserved. 293
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TABLE D1 Coal Classification in Industrial Boilers

Volatile matter Lower heating value (LHV)
content (dry ash-free (as-received basis) Q,pnet,p/
Classification basis) Vy.i/% (MJ)/kg)
Stone coal I <5.4
anggangle [y >5.4~8.4
1 >8.4~11.5
Lignite >37.0 >11.5
Anthracite | 6.5~10.0 <21.0
1 <6.5 >21.0
1 6.5~10.0 >21.0
Lean coal >10.0~20.0 >17.7
Bituminous | >20.0 >14.4~17.7
cosl I >20.0 >17.7~21.0
1 >20.0 >21.0

Note: This table refers to “Thermal Calculation Method of Grate-firing and Fluidized Bed Combus-
tion Industrial Boiler, General Technical Conditions of Industrial Boiler” (JB/T10094-2002), and
“Technical Conditions of Power Plant Boiler” (JB/T 6696-93).

combustibles and 50-90% of the coal. H is a combustible element whose heat-
ing value is 120,370 kJ/kg, about four times that of C. H content in dry and ash-
free coal is around 2-10%. O and N belong to incombustible parts of the fuel
combustible portion that reduces the HV relative to the theoretical calculation
of C and H. The S is present in two forms: sulphates such as CaSO, and MgSO,
called “inorganic sulfur,” which form incombustible ash, and organic sulfur and
pyrite sulfur, which are combustible and have HV of 9100 kJ/kg.

“Ash” is characterized by incombustible minerals, and ash content differs
by fuel type. Gas and liquid fuels, for example, contain relatively little ash—the
ash content of solid coal, conversely, is 10-30%. (For certain types of inferior
coal, the ash content can be up to 50%.) Moisture is another incombustible ele-
ment in fuel that varies according to fuel type—the moisture content of liquid
fuel is 1-3%, the moisture content of lignite is 40-50%, and the moisture con-
tent of anthracite is as low as 5%.

D2 THE BASIS OF FUEL COMPOSITION

Fuel composition can be analyzed based on four diferent bases, they are: as-
received basis, dry basis, air-dry basis, or dry and ash-free basis.
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D2.1 The Basis of Fuel Composition Analysis

The composition of gas fuel is denoted by volume fraction, while the compo-
sition of solid and liquid fuels is usually expressed by mass fraction. See the
following:

C+H+O+N+S+A+M=100% DD

where C, H, O, N, and S are the mass percentages of carbon, hydrogen, oxygen,
nitrogen, and sulfur, and A and M are the mass percentages of ash and moisture.
Based on different bases, Eq. (D1) can be rewritten as follows.

1. On as-received basis:
Cyp+Hy+0, +N, +S,, +A, +M, =100 (D2a)
2. On air-dry basis:
Cua+Hyg+0,0+Nyg+S, g +Au+M =100 (D2b)
3. On dry basis:
Cqy+Hg+04+Ny+S;+A; =100 (D2c)
4. On dry and ash-free basis:
Cuar + Haar + Ogar + Ngar +Saar =100 (D2d)

D2.2 Conversion of Composition Basis

The air-dry basis is commonly used for lab analysis, the as-received basis is
typically used for the cases of fuel samples as received from an industrial site,
and the dry and ash-free basis is used to judge how to selecte and operate burn-
ers during boiler design and operation. The difference between the different
bases is the influence of moisture and ash. The basis of fuel can be mutually
converted as shown in Table D2 and Fig. D1, which illustrates the relationship
between the bases. Sg denotes incombustible sulfur, Sz denotes combustible
sulfur, M,, denotes inherent moisture, M,,, denotes surface moisture, and My
denotes crystallized moisture.

D3 AIRAMOUNT FOR FUEL COMBUSTION

To design boilers based on known fuel, first it is necessary to calculate the
theoretical air amount and actual air amount for combustion from the C, H, O,
N, S, M, and A of the fuel. The theoretical flue gas amount and actual flue gas
amount can then be calculated to compile the gas enthalpy—temperature table,
which serves as a reference for calculation of mass balance, energy balance, and
heat transfer in the boiler.
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TABLE D2 Conversion Factor of Different Basis of Fuel

As-received Dry and
Basis basis Air dry basis Dry basis  ash-free basis
Q:; :ce'ved : 100—M,q 100 100
100—M,, 100-M,,  100—M, — A,
pir dry 100— My 1 100 100
asts 100 — Mag 100—Myg  100—Myg—Ang
Dry basis 100—M,, 100-Myg 1 100
100 100 100-Ay
thYfa”d 100-M, —A,,  100=M,g—A,y  100—Ay 1
ash-iree 100 100 100
basis
As received basis, ar
Air dry basis, ad
Dry basis, d
Dry ash-free basis, daf
A S, C H O |N Sg Mg M, My,
Ash Fixed carbon Volatile Moisture
Solid part (char) Volatile part

FIGURE D1 Relationship of different bases of solid fuel.

D3.1 Theoretical Air Amount for Fuel Combustion

For boiler design in China, the standard approximate composition of air is O, =
21 vol. %, N, =79 vol.% and the density of dry air under standard conditions
is 1.293 kg/m?. It is generally assumed that there is 0.0161 Nm? steam per Nm?
of dry air.

The theoretical air amount is the calculation basis for flue gas quantity, and
is defined as the minimum air amount for the complete combustion of 1 kg of
fuel (solid or liquid). The theoretical air amount can be expressed as follows:

Vp = 0.0889(C,, +0.375S,,)+0.265H,, — 0.03330,, (D3)

where V,, is the theoretical dry air volume for the complete combustion of 1 kg
of fuel, in Nm%/kg fuel.
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D3.2 Actual Air Amount for Fuel Combustion

To achieve complete combustion of fuel, excess air is needed to compensate
for imperfect mixing of the air and fuel. The ratio of actual air supply amount
V, and theoretical air requirement amount V,, is a (3 for air side), the excess air
coefficient.

% =a(orP) (D4)

The excess air coefficient « is generally larger than 1. The « in a furnace is re-
lated to the furnace’s combustion type and fuel characteristics. For a boiler with
coal gas and heavy oil, & = 1.05~1.10; for a grate-firing boiler, a = 1.25~1.60;
for a PC boiler, « = 1.15~1.20; for a BFB boiler, « = 1.25~1.30; for a CFB
boiler, « = 1.25~1.35.

D4 COMBUSTION PRODUCTS

D4.1 Theoretical Volume of Combustion Products

For the complete combustion of 1 kg of fuel (at the theoretical air amount), the
flue gas volume is Vy0 (in Nm?/kg fuel), which is the basis for flue gas quantity
calculation. Flue gas composition includes CO,, H,0, SO,, N,.

C+0, —>CO,

The CO, produced from the complete combustion of 1 kg of carbon is:

224 C, C
= L =1.866—= (D5)
272 1000100
The SO, produced from the complete combustion of 1 kg of sulfur is:
224
SO, = S 07 Sar (D6)
32100 100
The triatomic gases can be denoted by Vro,:
Vro, = Vco, + Vs —1866(:—‘“+07S—2’I (D7)
R02 C02 SOZ * 100 * 100
or:
Vko, =0.01866(C,; +0.375S,,)=0.01866 K, (DS8)
where K, = C,. +0.375S,,
Theoretical N, VI\? comes from the fuel and air:
224 Ny
J, = +0.79V, —08—+O79V (DY)
N 778 100 0 100 0



298 Appendix D

Theoretical water vapor volume VP?ZO comes from the moisture in the fuel,
combustion of H in the fuel, and moisture in the air. Oil boilers also contain
steam from atomization.

The water vapor volume from the evaporation of moisture in 1 kg of fuel is:

24 Ma _ 0124 M, (D10)
18 100
From 2H, + 0O, — 2H,0, the combustion of H in 1 kg of fuel is:
2x224 Hu 1115 (D11)
2x2.016 100

The water vapor in flue gas includes the moisture from theoretical air. As-
suming there is d g (generally, d = 10 g/kg) in 1 kg of dry air, the density of dry
air is 1.293 kg/Nm?, and the density of water vapor is 0.804 kg/Nm?, then the
water vapor in 1 Nm?® of dry air is:

d 1 1
: =0.00161d = 0.0161
1000 [0.804j/ (1.293) (D12)

Then the water vapor volume from the theoretical air amount V;, for 1 kg of
fuel can be determined. The total water vapor amount is:

Vil o =0.0124M,, +0.111H,, +0.00161dV,

(D13)
=0.0124M,, +0.111H,, +0.0161V,

To summarize, the theoretical flue gas volume for the complete combustion
of 1 kg of fuel in a theoretical amount of air is:

VY =Vro, + VA, + Vil o (D14)

The flue gas without water vapor is the dry flue gas, with the following
volume:

Vay = Vro, + WX, (D15)
Then:
VY=V +Vilo (D16)

where the unit of flue gas is Nm¥/kg fuel.

D4.2 Actual Volume of Combustion Products

The actual flue gas volume is necessary for the boiler thermal calculation.
When excess air coefficient a>1, the combustion product volumes of com-
plete combustion form the actual flue gas volume which equals the sum of the
theoretical flue gas volume, excess air amount, and moisture carried with the
excess air.
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The excess air amount is:
AV =V, -V, =(x-1V, (D17)

The moisture carried wih the excess air is 0.0161(a — 1)V,;, and the actual
flue gas volume V is:

Vy = Vy0 +(a -1V, +0.0161(x - 1)V
(D18)
=Vro, *VN, Vil o T (@ =DV, +0.0161(cc~ 1)V,
The flue gas volume can be divided into dry flue gas volume and water vapor
volume:

Vy = Vg + Vino (D19)

where the dry flue gas volume is:

Ve

y =Vro, W, Vo, =Vko, + W3, +(@=DVy =Vg +(a@=DV,  (D20)

For grate-firing furnaces and suspension-firing furnaces, heat transfer is
mainly radiative. The diatomic gases O, and N, are transparent for heat radia-
tion, and the concentration of CO is low; only the triatomic gases RO, and H,O
and ash particles in the flue gas participate in radiative heat transfer. The volume
fraction of triatomic gases 'Ro, and ’H,0 and the fly ash concentration u need
to be calculated based on the flue gas composition. See the following:

Vro,
14 =
RO, v, (D21)
Vi,0
m,0="—"— (D22)
2 Vy
A
— arqth (D23)
100G,

where Gy is the flue gas mass of 1 kg of fuel (kg/kg), which is calculated as
follows:

Ay
Gy =112 11,3060V, (D24)
where ay, is the fly ash fraction related to combustion type. For grate-firing boil-
ers, ag, = 0.2~0.25; for dry bottom PC boilers, ag, = 0.9~0.95; for wet bottom
PC boilers, ag, = 0.6~0.7; for BFB boilers, ag, = 0.4~0.7; and for CFB boilers,
am = 0.45~0.95. u is the fly ash concentration and «; is the excess air coeffi-
cient at the furnace exit.
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D5 ENTHALPY-TEMPERATURE TABLE

The enthalpy—temperature table is related to fuel composition and the excess air
coefficient. The table describes the enthalpy of flue gas under certain excess air
conditions, reflecting the relationship of flue gas enthalpy and flue gas tempera-
ture at the heating surface exit.

D5.1 Enthalpy of Combustion Products

For accurate thermal balance calculation and thermal calculation it is neces-
sary to calculate the heat absorbed by the heating surface, thus the enthalpy
of the flue gas and air is required information. Because the enthalpy of air and
flue gas varies according to fuel type, excess air coefficient, and temperature,
the enthalpy—temperature table for the specific fuel and excess air coefficient «
entering before and leaving after the heating surface should be established prior
to boiler design.

The enthalpy—temperature table is calculated based on 1 kg as-received fuel
and the air enthalpy and flue gas enthalpy of 1 kg of fuel (in kJ/kg fuel). The
enthalpy of air and flue gas at 0°C is 0.

The enthalpy of the theoretical air amount (8 = 1) at ¢t (°C) IE is:

I = Vyeyt (D25)
where ¢y is the average heat capacity at constant pressure from 0 to °C, kJ/
(Nm? °C); at 1°C, and the actual air (8 > 1) enthalpy I, is:

I = BVoeyt = Vet (D26)
At 6 (°C), the enthalpy of the theoretical flue gas 1 9 is:
Iy =Vro,cco,0+Vy o, 0+ V] ocn,00

. . (D27)
= (VROZ C CO, + VN2 CN2 + VHZOCHZO )9

where €co,, CN,, and CH,0 are the average heat capacity at constant pressure
from 0 to  °C kJ/(Nm? °C), the specific values of which are shown in Table D3.

The actual flue gas enthalpy 7 is the sum of the theoretical flue gas enthalpy
and excess air enthalpy:

Iy =1) +(@-DIY (D28)
If fly ash concentration in the flue gas is high (ie, converted fly ash concen-
A
tration is larger than 14.33 g/MJ and 10 0002 14.33), the enthalpy of

ar,net,p
fly ash in the flue gas must be accounted for. In such a case, Eq. (D28) can be

rewritten as:

Iy =19+ (= DI + Iy, (D29)
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TABLE D3 Average Specific Heat Capacity from 0 to £'C of Several Gases
(k)/Nm?°C)

t/°C CO, CO N, 0O, H,O Dry air ~ Wet air

0 1.5998 1.2946 1.3059 1.4943 1.2971 1.3188
100 1.7003 1.2979 1.2958 1.3176 1.5052 1.3004 1.3243
200 1.7873 1.3004 1.2996 1.3352 1.5223 1.3071 1.3318
300 1.8627 1.3075 1.3067 1.3561 1.5424 1.3172 1.3423
400 1.9297 1.3176 1.3163 1.3775 1.5654 1.3289 1.3544
500 1.9887 1.3276 1.3980  1.5897 1.3427 1.3682
600 2.0411 1.3402 1.4168 1.6148 1.3565 1.3829
700 2.0884 1.3536 1.4344 1.6412 1.3708 1.3976
800 2.1311 1.3670 1.4499 1.6680 1.3842 1.4114
900 2.1692 1.3796 1.4645 1.6957 1.3976 1.4248
1000  2.2035 1.3917 1.4775 1.7229 1.4097 1.4373
1100 2.2349 1.4034 1.4892 1.7501 1.4214 1.4583
1200  2.2638 1.4143 1.5005 1.7769 1.4327 1.4612
1300  2.2898 1.4252 1.5106 1.8028 1.4432 1.4725
1400  2.3136 1.4348 1.5202 1.8280 1.4528 1.4830
1500 2.3354 1.4440 1.5294 1.8527 1.4620 1.4926
1600  2.3555 1.4528 1.5378 1.8761 1.4708 1.5018
1700  2.3743 1.4612 1.5462 1.8996 1.4788 1.5102
1800  2.3915 1.4687 1.5541 1.9213 1.4867 1.5177
1900  2.4074 1.4758 1.5617 1.9423 1.4939 1.5257
2000  2.4221 1.4825 1.5692 1.9628 1.5010 1.5328

Note: The data are from Standard Methods of Boiler Unit Thermal Calculation [11].

where Iy, is fly ash enthalpy, which can be calculated as follows:
A,
Iy, =—=agpcmb D30
i = 0 “mem (D30)

where cy, is the average mass specific heat capacity with fly ash temperature
from 0 to 6°C (Table D4), and ay, is the fly ash fraction.

D5.2 Compiling the Enthalpy-Temperature Table

Actual and theoretical air amounts can be calculated according to fuel compo-
sition, the excess air coefficient at the furnace exit can be chosen according to
combustion type, and the heating surface air leakage factor can be determined
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TABLE D4 Average Specific Heat Capacity of Fly Ash (kJ/kg °C) [11]

t/°C Cih t/°C Cih t/°C Cih
100 0.808 800 0.959 1500 1.172
200 0.846 900 0.972 1600 1.172
300 0.879 1000 0.984 1700 1.214
400 0.900 1100 0.997 1800 1.214
500 0.917 1200 1.005 1900 1.256
600 0.934 1300 1.047 2000 1.256
700 0.946 1400 1.130

according to heating surface arrangement. The flue gas quantity and composition
within the heating surfaces (ie, the average characteristic values of the flue gas)
can then be determined. According to the amount of flue gas and composition
within the heating surfaces (furnace, slag screen, superheater, etc.), the sum of
the enthalpy of individual components in the flue gas can be calculated at specific
temperatures—this is the flue gas enthalpy. The flue gas enthalpy at certain intervals
(eg, 100°C) can then be calculated to compile the enthalpy—temperature table.

The enthalpy—temperature table is the basis for heat transfer calculation in
furnaces and heating surfaces, and for thermal balance calculation. Flue gas en-
thalpy can be obtained from the excess air coefficient and flue gas temperature,
and flue gas temperature can be obtained from the excess air coefficient and flue
gas enthalpy based on the enthalpy—temperature table.

D6 SUPPLEMENTARY INFORMATION FOR APPENDIX C

For Chinese boiler desingers, standard thermal calculation methods for boiler
units, boiler principles, and all necessary calculations are commonly available
in handbooks. Due to page limitations, we were limited to thermal calculation
of 113.89 kg/s and thus could only provide a handful of formulae—a few others
are provided later (though a few other formulae that are overly complex are not
provided here).

In the following captions C##.#* is a reference to the cell of a table in Ap-
pendix C, where ## denote the sequence number of the table and ** denote
the row number of a cell in the table ##. For example, C1.6 means that this
information is found in the cell of row 6 of Table C1. C2. Note represents this
is for the note of Table C2.

D6.1 C1.6, 4.3, 4.7 Thermal Load and Other Related Data
for Solid Slag Pulverized Coal Furnaces

See Table D5.



TABLE D5 Thermal Load and Other Related Data for Solid Slag Pulverized Coal Furnaces

Fuel type

Anthracite
Lean coal

Bituminous
coal

Middling
Lignite
Oil shale

Allowable volume thermal load

Boiler output D/(kg/s)

gv/(kW/m?)
7 10

260 210
290 245

14

185

210

160
185
115

Heat loss due to unburnt car-
bon qg/%

Boiler output D/(kg/s)

7 10 14 >20

Heat loss due

to gas incomplete
combustion qq/%

Boiler output D/(kg/s)

<20

0.5

0.5

>20
0

0
0

o

Excess air coeffi-
cient at furnace
exit 06|”

1.2~1.25
1.2~1.25
1.2

1.2
1.2
1.2

Fly ash
fraction

fh

0.95
0.95
0.95

0.95
0.95
0.95

a xipuaddy

€0¢
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D6.2 C2.Note The Excess Air Coefficient at the Platen

Superheater Exit
See Table D6.

D6.3 C2.Note Air Leakage Factor of the Heating Surface

See Table D7.

D6.4 C3.Note The Basis of Omitting Fly Ash Enthalpy

Iy =19+ Iy, +(a” = DI)  (kJ/kg)

(D31)

When the ash content of fuel is high, the fly ash content in the flue gas is

high. See the following equation:

1000 a9t 1 43

ar,net,p

(D32)

When the above equation is satisfied the enthalpy of fly ash has to be

accounted for.

TABLE D6 Excess Air Coefficient at Furnace Exit

Type of combustion chamber

PC boiler Dry bottom

Wet bottom

Heavy oil, gas
furnace-fired
boiler

Grate-firing boiler

Fuel

Anthracite, mean
coal, bituminous
coal, lignite

Anthracite, mean
coal, bituminous
coal, lignite

Heavy oil, coke
oven gas, natural
gas, blast furnace
gas

Bituminous coal,
lignite

*If coal powder is fed by hot air, a larger value should be input here.
**If air is supplied to the sealing furnace wall with positive pressure, 1.05 should be the set value
when burning coal gas, 1.02—1.03 when burning oil, the ratio of which to air is automatically con-

trolled and furnace air is less than 0.05.

Excess air coeffi-
cient at furnace
exit o
1.20~1.25*

1.20

1.20~1.25*
1.20

1.10%*

1.5~1.6
1.3



Flue ductwork

Pulverized
coal, oil,
and gas-fired
furnace

Grate-firing
furnace

Convection

heating surface
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TABLE D7 Flue Ductwork Air Leakage Factor Under Rated Load
Air leakage
factor Aa
Dry bottom furnace with membrane wall 0.05
Dry bottom furnace with steel frame and casing 0.07
Dry bottom furnace without casing 0.10
Wet bottom oil and gas-fired furnace with casing 0.05
Wet bottom oil and gas-fired furnace without casing  0.08
Mechanical or semimechanical coal feeding 0.10
Slag screen, platen superheater, the first convective ~ 0.00
evaporator bundle (D >14 kg/s)
The first convection evaporator bundle (D <14 kg/s)  0.05
Superheater 0.03
Reheater 0.03
Economizer D >14 kg/s, each stage 0.02
D <14 kg/s Steel tube 0.08

Cast iron (with ~ 0.10

casing)

Cast iron 0.20

(without

casing)
Tubular air D >14 kg/s, each stage 0.03
preheater D <14 kg/s, each stage 0.06
Rotary air D >14 kg/s 0.20
preheater D <14 kg/s 0.25

D6.5 C4.9 Heat Loss Due to Surface Radiation and Convection

See Fig. D2.

D6.6 C4.10 Ash Physical Heat Loss

In a grate-firing furnace or wet bottom PC furnace, physical heat loss g, due
to ash and slag must be calculated; when A, 2 0.00250, 1 p, however, g, can

be neglected.

Heat loss can be calculated as follows:

o = =22 100 =

ar,net,p ar,net,p

iz A
(C )hz ar %

(D33)
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% __
32
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FIGURE D2 Heat loss due to surface radiation and convection. (1) Entire boiler with back-end
heating surface. (2) Boiler itself without back-end.

TABLE D8 Furnace Volume Thermal Load gy (kW/m?)

Wet bottom furnace

Dry bottom Open Half-open Slagging
Coal type furnace furnace furnace pool
Anthracite 110~140 <145 <169 523~698
Lean coal 116~163 151~186 163~198 523~698
Bituminous 140~198 <186 <198 523~640
coal
Lignite 93~151

D6.7 C5.1 Recommended Values of Furnace Volume Thermal
Load (kW/m?3)

See Table DS.

D6.8 C5.3 Furnace Thermal Load
See Tables D9A, D9B, and D10.

D6.9 C5.13, C5.14, C5.15, C5.39 Length and Dip Angle
of Furnace Nose

The length of the furnace nose is generally 1/3 of furnace depth. The up-dip
angle is 20—45 degree. When the ash content is low, and the flue gas velocity is
high, a smaller up-dip angle can be chosen. The elevation angle is 20-30 degree.
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TABLE D9A Upper Limit of Furnace Sectional Thermal Load of Tangential

Firing Burner Q5
Evaporation

capacity D Upper limit of furnace sectional thermal load /(MW/m?)

/(t/h) /(kg/s) ST<1300°C ST=1350°C ST>1450°C
25 6.9 1.63 1.95 2.23

35 9.7 1.65 1.98 2.28

50 13.9 1.72 2.05 2.33

65 18.1 1.77 2.09 2.37

75 20.8 1.84 2.12 2.44

130 36.1 2.13 2.56 2.59

220 61.1 2.79 3.37 3.91

410 113.9 3.65 4.49 5.12

500 138.9 3.91 4.65 5.44

1000 277.8 4.42 5.12 6.16

1500 416.7 4.77 5.45 6.63

TABLE D9B Statistic Value of Furnace Volume Thermal Load (MW/m3)

Boiler capacity D/(t/h) 220 410 670
Tangential Lignite and easy- 2.1~2.56 2.9~3.36 3.25~3.71
firing slagging coal
Bituminous coal 2.32~2.67 2.78~4.06 3.71~4.64
Anthracite, mean 2.67~3.48 3.02~4.52 3.71~4.64
coal
Front wall or opposite firing 2.2~2.78 3.02~3.71 3.48~4.06

The height of the furnace exit is determined by gas temperature and flow ve-
locity. The gas velocity is generally approximately 6 m/s. The structure of the
furnace nose is shown in Fig. D3.

D6.10 C5.18, C10.7, C10.11 Mass Flux of Working Medium
in Platen Superheater Tubes

Mass flux is irrelevant to the pressure and temperature of steam; its value re-
mains constant when pressure and temperature change. To this effect, it is
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TABLE D10 Allowable Maximum Furnace Sectional Thermal Load
Recommended by Former Soviet Union Standards (MW/m?)

Furnace sectional
thermal load

Multirow Overall
arranged qr
burner

qr of
each
burner
zone

Single-row  Overall
arranged qr
burner

Burner type and arrangement

Front wall Opposite

firing swirl firing swirl

burner or burneror  Tangen-

direct flow direct flow tially fired
Fuel burner burner burners
Easy-slagging 3.48 D <264 kg/s, 3.48
bituminous D <444 kg/s, 4.06
coal and lignite D >444 kg/s, 4.06-4.46
Nonslagging 4.64 6.38 6.38
coal
Anthracite 2.32 2.9
Easy-slagging 1.16 1.51 0.93
bituminous
coal and lignite
Anthracite 1.74 2.32 1.74
Easy-slagging 1.74 2.32-29
bituminous
coal and lignite
Anthracite 2.9 3.48 3.48

20°~45°
A

20°~30°
1/2b-1/3b

FIGURE D3 Structure/size of furnace nose.

convenient to determine the total flow section of the superheater based on mass
flux. Mass flux in the superheater of a modern boiler can be determined based
on the following parameters.

Medium temperature: p@ =250-400 kg/(m?>-s);

High temperature: p@ =400-700 kg/(m?-s).



Appendix D 309

\S3l Vi
oo )

FIGURE D4 Schematic diagram of platen superheater structure.

Higher mass flux is generally adopted when heat transfer intensity is high; a
lower mass flow rate is generally adopted when heat transfer intensity is low. In
a high-pressure boiler that has a radiation supherheater with high heat transfer
intensity, mass flow rate can reach 700-1200 kg/(m?-s).

D6.11 C5.23 Transverse Spacing of Platen Superheater Panels

The transverse spacing of platen superheater panels s; is generally 550—
1500 mm. When the ash content of fuel is high, slag is easily formed, so s;
should be larger. When boiler capacity is large, the spacing should be large,
usually s; = 700-900 mm (see Fig. D4).

D6.12 C5.29, 31 Longitudinal Spacing of Platen
Superheater Tubes

The longitudinal spacing s,, vertical spacing s5 of bottom tubes, and spacing of
supporting tube s, of the platen superheater are usually determined as listed in
Table D11.

TABLE D11 Tube Spacing of Superheater Tubes

Tube diameter Sy S3 Sy
©38X4.5 42 55 42
®42X5 46 60
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D6.13 C5.30 Minimum Bending Radius of Platen Superheater

The minimum bending radius of a platen superheater is usually two times its
diameter d. R = 75 for ¢38 tubes; R = 80 or 85 mm for ¢42 tubes.

D6.14 (C5.35 Gas Velocity at furnace exit

For platen superheaters, the gas velocity is approximately 6 m/s at rated load.
For convective superheaters, the gas velocity is 8—15 m/s. When fuel has low
ash content, gas velocity may be higher (and vice versa).

D6.15 C7.4 Air Leakage Factor of Pulverized Coal System
See Table D12.

D6.16 C7.13 Mean Diameter of Ash Particles
See Table D13.

TABLE D12 Air Leakage Factor of Pulverized Coal System

Characteristics of pulver- Characteristics of pul-
ized coal system Aay verized coal system Aayg
Tubular ball mill: Impact (or Hammer) coal

mill:
Storage system, hot air 0.1 Negative pressure 0.04
used for drying Positive pressure 0.00
Storage system, hot air, and 0.12 Medium-speed mill:
flue gas used for drying
Direct fired system 0.04 Negative pressure 0.04

Fan mill with drying tube 0.20-0.25

Note: Higher values are necessary when the coal moisture is high.

TABLE D13 Mean Diameter of Fly Ash Particles

Fly ash particle

Combustion equipment Coal type diameter df,/pm
Pulverized coal combustion, All kinds of coal 13
tubular ball mill
Pulverized coal combustion, All kinds of coal other 16
medium-speed, hammer mill than peat

Peat 24

Grate firing All kinds of coal 20
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D6.17 C7.23 Radiation Extinction Coefficient of Coke Particles

k= kyrs + kptm + kjx1xo (D34)

where g, is the dimensionless concentration of fly ash in the flame (kg/kg) and
k; is the radiation extinction coefficient of coke particles suspended in the flame,
set as 10.2 during calculation.

D6.18 C7.24 Dimensionless Value x;

Considering the influence coefficient of coke particle concentration in the flame,
which is related to coal type, x; = 1 for anthracite and mean coal and x; = 0.5 for
other coals with high volatile content.

D6.19 C7.25 Dimensionless Value x,

Considering the influence coefficient of coke particle concentration in the flame,
which is related to combustion mode, x, = 0.1 for suspension-firing combustion
and x, = 0.03 for grate-firing combustion.

D6.20 C7.29 Fouling Factor of Water Wall
See Table D14.

TABLE D14 Fouling Factor of Water Wall

Water wall type Fuel Fouling factor ¢
Plain tube, fin tube, Coal gas 0.65
tube attached to wall Heavy oil 0.55

Pulverized anthracite, carbon content 0.45

in fly ash Cy, =12%, pulverized
meager coal, Cy, =8%, pulverized
bituminous coal and lignite

Pulverized lignite, converted moisture 0.55
M,s =35g/M], direct fired pulverized
system dried with flue gas

All kinds of coal, grate firing 0.60
Dry bottom furnace, All kinds of coal, oil, and gas 0.20
coated with refractory
material
Covered with All kinds of coal, oil, and gas 0.10

refractory brick

Note: For pulverized anthracite with Cy,<12%, for pulverized mean coal Cy<8% and ¢ = 0.35. When
combustion occurs with blended fuels, the minimum fouling factor for each fuel should be used.
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D6.21
at Flame Center

See Table D15.

C7.35, 7.37 Ax for Calculation of Relative Coefficient

TABLE D15 Calculation Method for Flame Center Modification Factor M

Combus-

tion type Fuel

Suspension-  Coal gas

firing and heavy
oil
Pulverized
coal

Grate-firing  All types
of coal

M
M=0.54-0.2x;,
Pulverized

coal with high
volatile

M = 0.59-0.5x;,
Anthracite and
mean coal

M = 0.56-0.5x;,

Thin coal layer

M =0.59
Thick coal layer
M =0.52

Flame center
relative position

Xh = X; + AX

1. When a;, > 1,
Ax =0;

2. When o, < 1,
Ax=2(1 —a);

3. When D<10
kg/s, Ax = 0.15.

Xph =X +AX

1. For tangential
firing, Ax = 0;

2. Front wall
horizontal firing
or opposite
firing direct flow
burner, front
wall firing or
opposite firing
swirl burners
with multirows
arranged:
when D<116
kg/s, Ax=0.1;
when D>116
kg/s, Ax = 0.05.

The maximum of
M should not be
larger than 0.5.

Note

When burner
tilts 20 degree
upward, x,
increases by
0.1;

when burner
tilts 20 degree
downward, x;,
decreases by
0.1.
Interpolation
should be
adopted when
the tilting is
between +20
degree.

Spreader stoker
is thin coal
layer, chain
grate and fixed
grate-firing is
thick coal layer.

Note: x, = h,/h;, where h, is burner height from the horizontal plane passing through half-height
of furnace hopper or furnace bottom (m), hy is furnace height from the horizontal plane passing
through half-height of furnace hopper or furnace bottom to furnace exit center (m), and «; is the
excess air coefficient of the burner.
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D6.22 (C8.14 Water Wall Configuration Factor

See Fig. D5.

D6.23 C9.17 Coefficient Considering the Effect of Reradiation

on the Fouling Factor
See Fig. D6.
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N\
é\g
- (-

SANA

0.6 \

/’/

W N —

0.4 \ =
0.3 \ 1

™ s/d
0.2
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7

FIGURE D5 Configuration factors of single-row bare water wall tube. (1) e >1.4d, consider-
ing furnace wall radiation (2) e = 0.8d, considering furnace wall radiation (3) e = 0.5d, considering
furnace wall radiation (4) e = 0, considering furnace wall radiation (5) e >0.5d, without considering

furnace wall radiation.
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FIGURE D6 Correction for fouling factor of interface between furnace and platen super-

heater. (1) Solid fuel. (2) Heavy oil. (3) Coal gas.
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D6.24 (C9.19, C9.72 Distribution Coefficient of Thermal Load
See Fig. D7.

D6.25 (9.27 Radiation Fuel Correction Coefficient

{, 1s the correction coefficient for fuel type. For coal and heavy oil, {, = 0.5; for
shale, £, = 0.5; and for natural coal gas, £, =0.7.

D6.26 (C9.41, C11.54, C11.59, C13.33 Correction Factor
for Tube Diameter Cgy

See Fig. DS.
1.6 Combustor center 1.6 Combustor center
1.4 ] \’ 14 T~
1.2 1.2

5 1.0 2 1.0

0.8 0.8 |- =
0.6 0.6 [~
0.4 0.4
0'20 0.2 0.4 0.6 0.8 1.0 0'20 0.2 0.4 0.6 0.8 1.0
(@ (b)

FIGURE D7 Nonuniform weight coefficient of the distribution of furnace radiation thermal load
along furnace height [in (b) solid line for anthracite, mean coal, bituminous coal, and dry lignite
coal; dotted line for lignite and peat]. (a) Coal gas and heavy oil furnace x = h/h;. (b) Dry bottom
pulverized coal furnace x = h/h;.

0.9

\\

0'810 20 30 40 50 60 70 80

Tube inner diameter d /mm

FIGURE D8 Correction factor for tube diameter.
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D6.27 (C9.47,C9.48, C11.19, C11.20, C11.21, C13.22, C13.23,
C18.22, C18.23, C20.21, C20.22, C22.37, C22.38, C24.36,
C24.37 Standard Flue Gas Thermal Conductivity

See Table D16.

TABLE D16 Thermal Conductivity, Viscosity, Pr Number of Standard Flue

Gas

Temperature/"C
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200

Note: Flue gas with 11,0 =0.11, rco, = 0.13 is referred to as standard flue gas.

Air

v x10°
/(m?/s)
13.2
23.2
34.8
48.2
62.9
79.3
96.7
115
135
155
177
200
223
247
273
300
327
355
384
415
448
478
511

Ax10?
/IW/
(m-C)]
2.43
3.19
3.90
4.48
5.05
5.62
6.15
6.66
7.14
7.61
8.05
8.47
8.87
9.27
9.65
10.03
10.39
10.75
11.11
11.46
11.86
12.10
12.44

Pr

0.70
0.69
0.69
0.69
0.70
0.70
0.71
0.71
0.72
0.72
0.72
0.72
0.73
0.73
0.73
0.73
0.74
0.74
0.74
0.74
0.74
0.75
0.75

Flue gas

v xX10°
/(m?/s)
11.9
20.8
31.6
43.9
57.8
73.0
89.4
107
126
146
167
188
211
234
258
282
307
333
361
389
419
450
482

Ax10?
/IW/
(m-"0)]
2.28
3.13
4.01
4.84
5.70
6.56
7.42
8.27
9.15
10.0
10.9
11.7
12.6
13.5
14.4
15.4
16.3
17.3
18.1
19.0
19.9
20.7
21.6

0.74
0.70
0.67
0.65
0.64
0.62
0.61
0.60
0.59
0.58
0.58
0.57
0.56
0.55
0.54
0.53
0.52
0.51
0.50
0.49
0.49
0.48
0.47
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D6.28 (C9.49, C11.21, C13.24, C18.24, C20.23, C22.39, C24.38
Average Prantl of Flue Gas and Air

See Table D17.

D6.29 (C9.51, C11.23, C13.26 Correction Factor for Tube Rows
C,=0.91+0.0125(z, —2) (D35)

D6.30 (C9.53, C11.25, C13.28 Correction Factor for the
Geometric Arrangement of Tube Bundles

3 —2
CS={1+(201—3)(1—%) } , when o, <1.5 or 0,22,C,=1. (D36)

Side spacing is s, relative transverse pitch is 0; = s,/d, back spacing is s,,
and longitudinal relative pitch is O, = s,/d.

D6.31 C9.55, 9.59 Ash Deposition Coefficient and Utilization
Coefficient

See Fig. D9.

D6.32 C9.56 Tube Wall Fouling Emissivity

At present, the tube wall fouling emissivity of metal heating surface &, is gener-
ally 0.8.

TABLE D17 Average Prantl of Flue Gas and Air

Flue gas* Calculation equation Pr=(0.94 +0.56,0)Pr,

Pr,; value 100°C=<6=<400°C Pr,; = 0.71-0.00020
400°C<0<1000°C Pr,; = 0.67 —0.00016
1000°C=<6<2000°C Pr,; = 0.68-0.00010

Air When ,<400°C, Pr = 0.69

When =400°C, Pr=0.70

*Standard flue gas.
*Wet air.
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FIGURE D9 (a) Ash deposition coefficient. (b) Utilization coefficient of platen superheater. (1)
Nonslagging coal. (2) Half-slagging coal with sootblowing. (3) Half-slagging coal without soot-
blowing. (4) Oil shale with sootblowing.

D6.33 C11.64, C13.38, C15.17 Ash Deposition Coefficient

For an in-line superheater and a staggered superheater when burning oil,
£=10.0026 (m? - °C)/W.

For an in-line arranged superheater when burning solid fuel,
£=10.0043 (m? - °C)/W.

D6.34 C11.75,C13.47, C18.40, C20.39 Fuel Correction
Coefficient

A is the correction coefficient. When buring heavy oil and coal gas, A = 0.3;
when buring anthracite, lean coal, and bituminous coal, A = 0.4; and when bur-
ing lignite and shale, A = 0.5.

D6.35 C11.79, C13.51 Effective Coefficient
See Table D18.

TABLE D18 Effective Coefficient of In-line Arranged Convection Heating
Surface When Burning Solid Fuels

Fuel type Sootblow or not? 7
Anthracite and lean coal Yes 0.6
Bituminous coal and middling Yes 0.65
Lignite Fly ash with weak viscosity Yes 0.65
Fly ash with strong viscosity Yes 0.6
Wood Yes 0.6

Oil shale Yes 0.5
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D6.36 (C18.28, C20.27, C22.48, C24.47 Correction Factor
for the Tube Row Number

C, denotes the tube row correction factor in bundles, related to longitudinal
rows z, and relative transverse pitch 07. When z, < 10 and 07 < 3.0:

C,=3.12z3%-25 (D37)
When z, < 10 and 07>3.0:
C,=4z3"-32 (D38)
When z, >10:
¢, =1 (D39)

D6.37 C18.42, C20.41 Basic Ash Deposition
Coefficient g, Values

See Fig. D10.

D6.38 (C18.43, C20.42 Additional Correction Factor AgValues
for Ash Deposition

See Table D19.

D6.39 (C18.44, C20.43 Correction Factor for Tube Diameter
See Fig. D11.

D6.40 C22.22, C24.21 Temperature Difference
Correction Coefficient

See Fig. D12.
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FIGURE D10 Basic ash deposition coefficient values for staggered, plain tube bundles.
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TABLE D19 Additional Correction Factor Ae Values for Ash Deposition

(m? - °C/W)
Anthracite
With Lignite
Coal with steel ball Without with
loose ash soot- soot- soot-
Heating surface deposition blower blower blower
First-stage economizer, 0 0 0.0017 0

single-stage economizer,
and other heating
surfaces with §'<400

Single-stage economizer 0.0017 0.0017 0.0043 0.0026
with 6’>400°C, second-

stage economizer,

transitional zone of

straight-flow boiler

Staggered arranged 0.0026 0.0026 0.0043 0.0034
superheater
2.5
L —T
2 —
L
w2 15

v

20 30 40 50 60 70 8 90 100 110

Tube diameter d/mm

FIGURE D11 Tube correction factor for staggered, plain tube bundles.

D6.41 (C22.34, C24.33 Correction Factor for Tube Length
See Fig. D13.

D6.42 (C22.35, C24.34 Correction Factor for Temperature/
Composition

See Fig. D14.
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1.6
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When flue gas and air is cooled
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FIGURE D14 Correction coefficient for temperature/composition. (a) Cooling flue gas and
air. (b) Heating air.
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FIGURE D15 Temperature correction factor when working out fluid longitudinal flow
through tubes. (a) Cooling flue gas and air. (b) Heating air.

D6.43 (C22.36, C24.35 Correction Factor of Flue Gas
Temperature and Wall Temperature

C, is the correction factor for the flue gas temperature and wall temperature of
the heating surface. When flue gas is cooled in the heating surface, C;, = 1; when
the working medium is heated, its value is as shown in Fig. D15.

D6.44 (C22.49, C24.48 Correction Factor for Flue Gas
Temperature/Composition

See Fig. D16.

D6.45 (C22.52, C24.51 Utilization Coefficient
See Table D20.
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FIGURE D16 Correction factor for flue gas temperature/composition.
TABLE D20 Utilization Coefficient in Tubular Air Preheater &
First stage Second stage
Fuel type (low-temperature) (high-temperature)
Anthracite 0.80 0.75
Heavy oil 0.80 0.85

Other coals and gas fuel 0.85 0.85
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A
Absorbed radiation, 21
energy, 21
heat, 87
Absorbing
scattering media, radiativity of
absorption processes, 49
characteristics of, 49
Absorbing medium, hemisphere filled, 61
Absorption
processes, 49
scattering medium, 54, 56
schematic of energy level transition, 47
Absorptivity, 9, 10, 18, 60, 66
of cooling water tube, 90
Additivity, 27
Air amount for fuel combustion, 295
actual air amount, for fuel combustion, 297
conversion factor, 296
theoretical air amount, for fuel
combustion, 296
Air inflation, 290
Air leakage factor, of pulverized coal
system, 310
Air, nonpolar molecules, 46
Air preheater structure design, 222, 290
heat absorbed, 162
lower stage air preheater, 286, 287
thermal calculation, 280
parameters of, 291
upper stage air preheater, 281, 282
Algebraic analysis method, 37
Ash carryover ratio, 160
Ash, characterization, 173
Ash composition, 179
Ash deposition, 174
additional correction factor, 318, 319
coefficients, 190
evaluating, 188
values, 302, 318
in convective heating surfaces, 185
damage of, 178
effectiveness factor, 190
effects of severe, 185
formation and characteristics, 175

heat transfer
calculation, 184
in furnaces, 179
loose and viscous deposition, 177
morphology, 176
utilization coefficient, 190
Ash deposition
coefficient, 182, 189, 316, 318
conditions, 171
Ash gas emissivity, 71
Ash layer
calculation of, 182
thermal resistance of, 187
Ash particles, mean diameter of, 310
Ash physical heat loss, 305
Ash slagging processes, 174
in convective heating surfaces, 185
damage of, 178
effects of severe, 185
formation and characteristics, 175
heat transfer
calculation, 184
in furnaces, 179
slag layer thickness and slag layer surface
temperature, 181
thickness and heat flux, 184
on water wall, 175
Auxiliary calculation, 223
Axisymmetric cylindrical furnaces, zero/one/
two-dimensional models, 134

B

Basic boiler structure, 220
B-E distribution. See Bose-Einstein distribution
(B-E distribution)
BFB furnaces. See Bubbling fluidized bed
(BFB) furnaces
Bichromatic optical pyrometer, 194
Bituminous coal, 15, 97
Blackbodies, 3, 10, 12, 17
radiation, 3
intensity, 59
in wavelength distribution, 19
Boiler back-end ductwork, 186
Boiler back-end heating surface, 111
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Boiler coal, classification for, 293
Boiler fuel, types, 293
Boiler heat distribution, 268
Boiler heating surfaces, definitions of,
165-169
Boiler structure, diagram of, 220
Boiler surfaces, 166
Boiler, thermal calculation, 165
ash deposition conditions, 171
boiler heating surfaces
basic definitions of, 165-169
capacity/complexity, 172
combustion chamber calculation, 171
different furnace types, 170-172
energy balance, 171
material balance, 171
methods, 169—170
Boltzmann constant, 4, 205
Boltzmann number, 139, 147
Bose-Einstein distribution (B-E
distribution), 7
Bouguer’s law, 56
Bubbling fluidized bed (BFB)
boiler, 101, 202
furnaces, 152-153
Burning solid fuels
effective coefficient of, 317

C

Calculation error, 170
Calorimetric radiation heat flux
meters, 200
Carbon black, monochromatic extinction
coefficient of, 195
Carbon steel changes, thermal conductivity
of, 203
CFB boiler. See Circulating fluidized bed
(CFB) boiler
Chemical balance equation, 133
Chinese boiler desingers, 302
Circofluid CFB boiler, 107
Circulating fluidized bed (CFB) boiler, 101,
106, 131
basic structure, 103-105
bed material circulation, 153
boiler back-end heating surface, low
corrosion of, 111
boiler furnace types, 105
characteristics, 107
disadvantages of, 111
furnace wall, 104

gas side heat transfer coefficient, 127
gas-solid flow, heat transfer modes, 112
heat transfer calculation
boiler gas side heat transfer
coefficient, 127
convective heat transfer
coefficient, 129
radiative heat transfer
coefficient, 128
heat transfer calculation, 124
heating surface size,
influence, 125-127
methods, 157
high combustion efficiency, 109
high desulfurization efficiency, 109
hydrodynamic properties, 102
low NO, emission, 110
refractory materials, 202
simple fuel system, 111
small furnace cross section area, 110
types of, 105-107
wide flexibility for fuel, 109
wide turn-down ratio/fast load
response, 111
Clusters, heat transfer coefficient, 124
Coal ash, 109
Coal-combustion product volumes, 224
Coal flame emissivity, 73
CO,/H,0
absorptivity, correction coefficients, 70
main absorbing bands of, 49, 66
typical nomograph, 67, 68
Coke particles, radiation extinction coefficient
of, 311
Combustion chamber, 224
flue gas, 45
Combustion chamber calculation, 171
Combustion process, 132
Combustion products, theoretical volume of,
297-298
actual volume of, 298
Conductive radiation heat flux meter
schematic diagram of, 198
Configuration factor, 28, 209
from cell ring surface, 209
from cell strip, 210
cell surface, 211
from cell surfaces
to cell surface, 207
finite disc, 211
in hollow sphere, 208
infinite plane, 210



rectangle/right triangle, 211-213
ring surface, 211
common edge and included angle, 217
finite-length strips, with parallel generatix,
208
identical parallel rectangles, 215
infinite-length planes, 213, 216
with different widths, 214
parallel planes, 213
mutually perpendicular infinite-length
planes, 216
parallel circular flanges, in cylinder, 208
parallel rectangles, 215
planes with included angle, 218
rectangles with arbitrary length, 215
strips with parallel generatix, 208
Continuous spectrum, 54
Convection superheater, 220
Convective heating surfaces
basic heat transfer equation, 186
deposition, 188
gas, thermal balance equation of, 186
Convective heat transfer, 160
coefficient, 129
Correction factor
cross-flow arrangement, temperature
difference correction coefficient
of, 320
flue gas temperature and wall temperature,
321
flue gas temperature/composition, 322
for flue gas temperature/composition, 321
for temperature/composition, 319, 321
temperature correction factor, 321
for tube diameter, 314
for tube length, 319
correction factor for, 320
tube row number, 318
utilization coefficient, 321
in tubular air preheater, 322
Cosine law, 15
Cross-flow in-line bundles, 188
Cross tube bundle, mean beam length of, 64

D

Dense-phase outlet gas temperature, 158
Design requirement, 219
Desulfurization in-furnace, 109
Diffused radiation, 20

Directional absorptivity, 12

Directional emissivity, 11
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Directional radiation, 11
Doppler broadening, 48

E

Economizers, 222
Economizer structure design
lower stage economizer, 276
structure diagram of, 275
thermal calculation of, 277
structure of upper economizer, 271
thermal calculation, 270
upper stage economizer, thermal
calculation of, 272
Effectiveness factor, 190
gas fuel fired boiler, 190
EHE. See External heat exchanger (EHE)
Elastic scattering, 50
Electromagnetic wave, 6
energy flow density of, 6
Electronic transition, 48
Emission
absorption mechanisms, 46
absorption/radiation of media, 47-48
molecular spectrum characteristics, 46
schematic of energy level transition, 47
Emissive power, 6, 8
Emissivity, definition, 62
Energy balance equation, 55
Energy conservation, 9
equation, 132
relationship, 197
Enthalpy-temperature table, 16
average specific heat capacity, 301
combustion products, 300
compiling, 301
fly ash, average specific heat capacity of,
302
Excess air coefficient, at furnace exit, 304
Exhaust gas temperature, 169
External bubbling fluidized bed heat
exchanger, 106
External heat exchanger (EHE), 113

F

Fermions obey Fermi-Dirac distribution, 4
Flame center
modification factor, 312
relative coefficient, 312
Flame emissivity, 200
measurement, 194
auxiliary radiative resources, 196-197
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Flame emissivity (cont.)
bichromatic optical pyrometer, 194-196
calorimetric radiation heat flux meter,
diagram, 200
conductive radiation heat flux meter,
schematic diagram of, 198
radiance adjustment methods, 196
skilled and methodical measurement
of, 193
Flame, monochromatic emissivity of, 196
Flue ductwork air leakage factor, 305
Flue gas, 295
air, average prantl of, 316
air enthalpy-temperature table, 227
characteristics, 225
conversion factor, 296
enthalpy, 7
flow field, 265
nonpolar molecules, 46
quantity, 7
velocity, of convection heating
surfaces, 280
volume, 5
Flue gas, absorption/scattering of, 50
flame emissivity, 71
coal flame emissivity, 73
containing ash, emissivity of, 71
luminous flame emissivity, 72
radiation intensity characteristics, 50
absorbing medium, classifying, 53
graybody medium, 53
selective graybody medium, 54
selective medium, 54
absorptivity, 59
average transmissivity, 59
CO,/H,0, main absorbing bands of, 66
emissivity, 65
emissivity of media, 59
gas absorptivity, 65
mean beam length, 59, 61, 65
calculating, 62
radiant energy, exchange/conservation
of, 54
differential volume radiation, 54
energy balance equation, 57
radiation transfer equation, 56
radiation transfer equation,
approximate solution for, 58
transmission/absorption of radiant
energy, 51
Fluidized bed (FB) boiler
first-generation, 152

Fluidized bed furnaces, 152
bubbling fluidized bed (BFB) furnaces,
152-153
CFB furnace structure/characteristics,
153-160
Fluidized beds, fundamental concepts
CFB boiler
basic structure, 103—105
boiler back-end heating surface, low
corrosion of, 111
characteristics, 107
disadvantages of, 111
high combustion efficiency, 109
high desulfurization efficiency, 109
low NO, emission, 110
simple fuel system, 111
small furnace cross section area, 110
types of, 105-107
wide flexibility for fuel, 109
wide turn-down ratio/fast load
response, 111
characteristics of, 101-102
convective heat transfer, in gas-solid
flow, 112
bed temperature, 118
factors impacting two-phase heat
transfer, 114
fluidized velocity, influence of, 116
heating surface vertical length, 117
material concentration/particle size, 115
two-phase flow heat transfer
mechanism, 114
definition, 101-102
two-phase flow convective heat transfer,
118
convective heat transfer, of clusters, 119
particle dispersed phase, convective
heat transfer of, 121
Fly ash concentration, in flue gas, 7
Fly ash particles, 176
dimensionless value, 311
mean diameter of, 310
Fouling factor, coefficient considering, 313
Fourier’s law, 198
Fuel characteristics, 219
Fuel composition analysis, 173
air-dry basis, 1, 295
as-received basis, 1
dry and ash-free basis, 1
dry basis, 1
thermal balance, 229
Fuel correction coefficient, 317



Fundamental heat transfer theory, 76
Furnace geometric shape coefficient, 185
Furnace heat transfer calculation equations,
134, 143, 144, 184
Furnace nose
length and dip angle of, 306
structure/size of, 308
Furnace outlet gas temperature, 185, 238
Furnace radiation thermal load
nonuniform weight coefficient of
distribution, 314
Furnaces, 131. See also Furnace heat transfer
calculation
basic equations of heat transfer, 132
circulating fluidized bed (CFB), 131
mathematical model of heat transfer, 132
processes, 132
turbulent flow, 133
Furnace sectional thermal load
of tangential firing burner, 307
Furnace’s heating surface, heat transfer
coefficient of, 125
Furnaces, heat transfer calculation, 131
basic equations of heat transfer, 132
circulating fluidized bed (CFB), 131
mathematical model of heat transfer, 132
processes, 132
turbulent flow, 133
Furnace, structure design of
and platen superheater, 230
size of, 221
Furnace, structure/size of, 234
Furnace surface, 87
radiation, 88
Furnace temperature distribution, 136
Furnace thermal load, 306
calculation, 235
volume
recommended values of, 306
statistic value of, 307

G

Gas emissivity, 70

Gas enthalpy-temperature table, 145

Gases, scattering capacity, 50

Gas-fuel-fired boiler, 45

Gas-solid flow, radiative heat transfer, 122
dispersed phase, radiative component of,

122

particle clusters, 124

Gas-solid separation device, 104
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Gas-solid two-phases, 128

Gas, thermal radiation absorption capacity, 45
Gas velocity, at furnace exit, 310

Geometric configuration factors, 24
Grate-firing boiler, 149

Grate-firing furnaces, 149-152

Graybody, monochromatic emissivity of, 19
Gray medium, attenuation characteristics of, 53
Gurvich equation, 142

Gurvich method, 93, 135, 139, 141

H

Hamilton operator, 3
Heat balance principle, 91
Heat distribution, 268, 269
Heat flux meter, 181, 203
structure, schematic diagram, 203
types of, 200
CFB furnaces, local heat transfer
coefficient in, 202-203
heat pipe heat flux meter, 201
Heating surfaces
air leakage factor, 7
in back-end surface, 95
deposition, scanning electron microscope
(SEM) analysis of, 176
maximum heat load of, 201
structure, 127
thermal load, 161
Heating value (HV), 293
Heating wall, transmissive radiation of, 89
Heat loss, 9
due to surface radiation and convection,
305, 306
Heat pipe heat flux meter, structure of, 201
Heat radiation, physical constants of, 205
Heat transfer, 167
ash slagging processes, 174
calculation, 224
in back-end heating surfaces, 160
basic equations, 161
in bubbling bed examines, 153
calculation method instructions, 140
in circulating fluidized bed, 124
classification of, 133
coefficient of, 162—-165
equations, 139
flame temperature, 135-138
in fluidized bed furnaces, 152
bubbling fluidized bed (BFB)
furnaces, 152-153
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Heat transfer (cont.)
CFB furnace structure/
characteristics, 153-160
furnaces, 131. See also Furnace heat
transfer calculation
basic equations of heat transfer, 132
calculation, 134, 143
circulating fluidized bed
(CFB), 131
mathematical model of heat
transfer, 132
processes, 132
turbulent flow, 133
grate-firing furnaces, 149-152
in grate furnaces, 143
in China, 143-149
Gurvich method, 139
suspension-firing furnaces, 139
characteristics, 182
Heat transfer coefficient, 96, 116, 125,
164, 187
proportionality coefficient, 161
High combustion efficiency, 109
High desulfurization efficiency, 109
High-temperature flame, 178
High-temperature superheater
structure/size of, 248
thermal calculation of, 250
Hot air temperature, 238
Hottel method, 135

Industrial boilers

coal classification, 294
Inner recycle (IR), 105

CFB boiler, 106
IR. See Inner recycle (IR)
Irradiation, 21
Irradiation intensity, 52
Isothermal absorbing medium, 59
Isothermal surface assumption, 41

K

Kirchhoff’s law, 12, 16, 17, 19, 20, 53

L
Lambert’s law, 15, 18, 20

for diffuse surface, 16
Light velocity, in vacuum, 205
Liquid-fuel-fired boiler, 45
Low NO, emission, 110

Low-temperature superheater
structure of, 258
thermal calculation of, 260
Lurgi technology, 105, 155

M

Mass flux, 10

Maximum flame elevation, 138

Maximum furnace sectional thermal load, 308
Millivoltmeter, 200

Moisture, 173

Monochromatic absorptivity, 11
Monochromatic directional absorptivity, 11
Monochromatic directional emissivity, 11
Monochromatic emissivity, 11, 197
Monochromatic radiation, 11
Monochrome transmissivity, 52

Monte Carlo simulation method, 76

N

Natural circulation boilers
water wall tubes of, 166

Net heat flux method, 77

Newton’s second law, 133

Nomograph, 65, 66

Nongray medium, 56

Nonluminous triatomic gas, 72

o

Onmitting fly ash enthalpy, 304
Organic fuels
solid, liquid, and gas, 293

P

Particle dispersed phase, radiation, 122

Particle energy, 48

Pauli exclusion principle, 4

PCBs. See Pulverized coal boilers (PCBs)

Photon frequency, 48

Planck constant, 205

Planck formula, 195

Planck’s constant, 12, 48

Planck’s law, 3, 5, 6, 13, 19, 194

Planck spectrum radiation formula, 205

Platen heating surface, 189

Platen superheaters, 11, 246, 313
furnace, structure design of, 230
minimum bending radius of, 310
panels, transverse spacing of, 309
stepwise instructions, 237



structure
schematic diagram of, 309
size of, 240
thermal calculation of, 241
tubes
longitudinal spacing of, 309
mass flux of working medium, 307
Polyak-Shorin formula, 139
Projected emissive power, 23
Pulverized coal boilers (PCBs), 54
Pyroflow, 105
CFB boiler, 106

R
Radiant energy, 7, 11, 19, 26
density, 5
description of, 6-8
Radiation, 1, 5
characteristics, 6
defined, 1
differential volume, 55
exhibits wave-particle duality, 1
flux, 198
fuel correction coefficient, 314
heat exchange, 75
monochromatic/directional, 11
physical characteristics, 9-10
absorption, 10
object emissivity. See Radiation rate
reflection, 10
transmission, 10
Radiation heating surfaces, 166
Radiation heat transfer, 2, 22, 23, 29, 32, 60,
75,78,93, 163
between concentric sphere shells, 2
from inner surface, 79
resistance, 76
Radiation intensity, 7, 50, 55
schematic of, 51
Radiation rate, 10
Radiation superheater, 220
Radiation transfer heat, 92
Radiative flux measurement, 197
calorimetric radiation heat flux meter, 200
capacitive radiation heat flux meter,
199-200
conductive radiation heat flux meter,
198-199
Radiative geometric configuration factors
configuration factor calculation, 29
algebraic analysis method, 37
common calculation formulas, 41
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differential surface vs. finite surface, 31
integral method, 29
between two finite surfaces, 34
configuration factor properties, 27-29
additivity, 27
equivalence, 28
integrity, 28
reciprocity, 27
definition, of configuration factor, 24-26
Radiative heat exchange
circular hole to outer environment, 83
closed system, 76
common hole walls, 82
engineering calculations, 41
simplification treatment of, 41
simplified conditions, discussion on,
41-43
flame to water wall, 86
flue gas/heating surface with
convection, 95
furnace surface radiation, 88
grate furnace, 91
hole radiative heat transfer, 82
hot surface/water wall/furnace wall
radiative heat transfer of, 86—88
isothermal medium/surface, 88
medium and furnace, 90-93
medium and heating, 89
multiple surfaces, closed system
composed
radiation transfer of, 80
projected heat, calculation, 93-95
surfaces, closed system composed of, 76
net heat flux method, 77
network method, 76
surfaces in transparent media, 76
surfaces with nonuniform radiation, 78
surfaces with uniform radiation, 78
suspension-firing furnace, 91
Radiative heat flux, 22
measurement methods, 200
Radiative heating surface area, 142
Radiative heat transfer, 122, 181
coefficient, 128
equation, 141
flux, 180
in furnace worsens, 185
Radiative transfer equation, 57
Radiativity, of solid surfaces, 18
diffuse surfaces, 19-20
graybody, 19
real surfaces vs. blackbody
surfaces, 17-18



332 Subject Index

Radiosity, 22, 23
Rayleigh-Jeans law, 13
Real-world heat transfer, 147
Reciprocity, 27
Reflected radiation, 21
Reversing chamber
structure calculation of, 266
thermal calculation of, 266
Rotational energy, 48

S

Schrodinger equation, 3
Selective media, attenuation characteristics, 54
Self-radiation, 21
Single-row bare water wall tube, configuration
factors, 313
Slagging process, 175
Solid fuels, 101
Solid slag pulverized coal furnaces
thermal load, 302, 303
Spectral line distributions, 46
Stack broadening, 48
Standard flue gas thermal conductivity, 315
Stefan—-Boltzmann constant, 205
Stefan—-Boltzmann law, 15, 135
Stone coal, 293
Superheater design
and heat exchange calculation, 238
systematic diagram of, 223
Supplementary materials, 293
boiler fuel, 293
coal classification, in industrial boilers, 294
composition basis, conversion of, 295
fuel composition, basis of, 294, 295
Surface heat resistances, 76
Suspension-firing coal-fired boiler, 170
Suspension-firing furnaces, 94, 168
heat transfer calculation, 139

T

Temperature difference correction
coefficient, 318

Theoretical flue gas volume, 5
Theoretical water vapor volume, 3
Thermal balance

equation, 134, 144, 147

and fuel consumption, 229
Thermal calculation

of boiler, 165

parameters, 292
Thermal conductivity, 315

Thermal efficiency coefficient, 94, 181
Thermal energy, 2
Thermal equilibrium, 23
Thermal load, distribution coefficient of, 314
Thermal radiation, 2, 3, 45
basic laws of, 12
corollaries, 12
Kirchhoff’s law, 16—17
Lambert’s law, 15-16
Planck’s law, 12
Thermal radiation energy
forms, 21-22
absorbed radiation, 21
irradiation, 21
radiation heat transfer, 22
radiosity, 22
reflected radiation, 21
self-radiation, 21
transmissive radiation, 21
radiosity, 22-24
Thermal radiation equilibrium, 17
Thermal radiation theory
Planck’s law, 3-5
Thermal radiative rays, 47
Thermal resistance liner superposition
principle, 164
Thermal time constant, 120
Thermodynamic conditions, 179
Total pressure drop, 247
Total radiative energy, 23
Total transmissivity, 52
total absorptivity, curves, 53
Transmissive radiation, 21
energy, 21
Transmissivity, 9, 10, 60
Triatomic gases, 3
Tube arrangement configurations, 167
Tube bundles, geometric arrangement of, 316
Tube correction factor
for staggered, plain tube bundles, 318
Tube diameter, correction factor for, 314, 318
Tube rows, correction factor, 316
Tube spacing, of superheater tubes, 309
Tube wall fouling emissivity, 316
of metal heating surface, 14
Tubular air pre-heaters, 188, 191

U

U-shaped separator, 106
Utilization coefficient
correction factor, 321
in tubular air preheater, 322



\%

Vacuum phase-change heat transfer, 201
Vibrational energy, 48
Viscous deposition, 176

w

Water circulating heat flux
meter, 200

‘Water vapor

Subject Index

in flue gas, 4

volume, 4
Water wall

configuration factor, 313

fouling factor, 238, 311

thermal efficiency coefficient of, 180
Wet bottom PC furnace, 9
Wien displacement law constant, 205
Wien equation, 14
Wien’s displacement law, 13
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