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ABSTRACT

An improved heat transfer model has been developed for a
direct-fired rotary kiln. The model can be used to verify kiln
design, to optimize operating conditions, to predict the
temperature history of the solids, and to evaluate if local
areas of the kiln will be overheated. The treatment of radiant
heat transfer was based on the Peflection Method developed by
Succec and applied by Gorog, and was extended to account for
radiation from a flame. Some elements of the Resistive Network
Yethod and Zone Method were incorporated in the model. This
method results in a more straightforward and flexible treatment
of radiant heat transfer than other methods of analysis. The
model also accounts for conductive and convective heat transfer
within the kiln and heat conducted through the kiln wall and
lost from the outer kiln shell to the ambient surroundings.

The model divides the kiln into a flame region where the
flame is present, plus a downstream gas region. The flame and
gas regions are each subdivided.- longitudinally into kiln
sections of equal length. A new method was devised to model the
grey body emissivity of an axially centered flame of given
afea. It was treated as equivalent to a black body of reduced
area. This treatment greatly simplified the calculation of
radiant heat transfer to and from the flame. A method was
devised for calculating the gas transmissivity for its own
radiation in the Reflection Method. The model also includes an
approximate treatment of the recirculation and entrainment of

combustion gas in the flame region, and assumes plug flow
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downstream of the flame region. A regression method was
developed for calculating the emissivity of combustion gases of
varying COz‘and HZO concentrations based on Hottel’s real gas
data. The temperature and heat transferred to or from the
flame, gas, wall, and solid bed in each axial section of the
kiln is calculated using the Reflection Method by simultaneously
solving a set of algebraic expressions involving the emissivity,
area, and radiative (geometrical) view factors for the various
surfaces in the kiln. The model was verified with a computer
program written in LOTUS 1-2-3 using a set of operating data
from a direct-fired kiln used for the incineration of lightly
contaminated soil. The model yielded good agreement between the
calculated and reported values of the solid and gas exit
temperatures as shown in Fig. 8.1-1 and Table 8.1-1. The
percent error for the estimated solids exit temperature was 6.8
and for the gas was -3.2,

The new heat transfer model was also extended to provide an
approximate treatment of heat transfer in IDF kilns. The model
used two separate heat balances to (1) estimate the heat
transferred from burning fuel in the outer gas to the outer
surface of the inner shell, and (2) the heat transferred through
the inner shell and radiated to the solid bed and innmer gas. As
with the direct-fired kiln, the kiln was divided into uniform
longitudinal sections, each with constant temperatures and
surface properties. The use of a constant outer gas temperature

is only approximate because of the steep temperature gradient



that exists between the bottom temperature where the fuel
combustion occurs and the top temperature where the combustion
gases exit. Model calculations for a hypothetical data set (no
actual data were available) indicated approximate agreement with
vendor reported kiln characteristics and temperature profiles.
This'model is fhe first treatment of heat transfer in an IDF

kiln reported in the literature.
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1.0 INTRODUCTION

Furnaces are widely usoed pieces of industrial equipment, and
the mathematical modeling of heat transfer to predict the
temporature and heat flux distribution in furnaces is of
interest to industry for the improvement of furnace design and
the selection of operating conditions for better efficiency.
Models for heat transfer in direct-fired and indirect-fired
rotary kilns, the type commonly used to incinerate hazardous
vatto{ are developed in this thesis. The results calculated
using the direct—-fired kiln model are compared with experimental
dats from a small scale asctual kiln used to incinerate hazardous
waste.

The primary objectives of the thesis are (1) to apply the
Reflection Method radiant heat transfer analysis to characterize
the various heat flows and mechanisms of heat transfer within a
direct-fired kiln and an 1ndirect;£1ted kiln, and (2) to provide
s more complete and realistic model for the direct-fired kilns
than published treatments by including in the model a number of
additional important offects. Thoese include the effect of a
radiating flame within the kiln, the effect of gas recirculation
and ontrainment, the offect of heat transfer to and through the
wall by convection and conduction, heating of the solid bed by
convection and conduction, and the effect of using a real gas
dats base to charascterize the radiative heat transfer in the gas
phase. The effect of gas circulation and entrainment, and the

use of a real gas data base have not been considered in



previously published treatments of heat transfer in a
direct-fired kila.

The prediction of the temperature profile within a kiln is
needed to ensure proper heat troatmoent of solids in the kila and
to ensure that local areas of the kiln are not over-heated.
Direct-fired kilns are essentially heat exchangers in which
solids are heated by hot gases flowing in the freeboard above
the bed. Material is fed co-curreat or counter-current to the
gas flow as the kiln rotates. The material moves down the kiln
due to a slight angle of inclination of the kiln axis.
Indirect-fired kilns have two concentric cylinders between which
hot combustion gases are passed to transfer heat to the inner
steel cylinder which contains the solid bed. (See Fig. 1.0-1).

At the high temperatures of normal operation in furnaces,
radistion is the dominant mode of heat transfer, and s
considerable amount of effort has beon applied to developing
mothods of calculating radiant ho;t transfer. The heat transfer
is complex because it involves radiative exchange between the
flamo, gas, so0lid bed, and kiln walls as well as coavection
(solid and gas) and conduction between the solid bed and the
wall. The complexity of the heat transfer phenomena encountered
in rotary kilns has necessitated the use of a number of
simplifying assumptions such as gray gas behavior, simplified
geometries, and the neglect of end effects and axial heat

transmission.*"?*’
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2.0 SELECTION OF THE BASIC RADIANT HEAT TRANSFER MODEL

A number of models for analyzing radiant heat transfer in
enclosures such as a rotary kiln are described in the
literature. The methods of analysis commonly used include the
Zone Hethod‘. the Flux Hethod’. the Resistive Network
Method"'. and the Reflection Method?. Each of these
approaches are valid for particular types of kilns and are based
on the same basic heat transfer equations. However, each method
has its drawbacks. The models which use the Zone Method‘ and the
Flux Mothod’ have not included a solid bed in the models.

The Resistive Network Method is limited to treating the gas as a
‘gray gas"". It is difficult to account for axial heat
transmission or kiln end effects in the Reflection Method and
the Resistive Network Method. Each of the four methods of
analysis will be described in the following portions of this
section to indicate the reasons ‘why the Reflection Method was
chosen in this thesis as the basic model for radiant heat
transfer.

| No models for indirect-fired (IDF) kilns have been found in
the literature. Modeling IDF kilns is a future area of work to

be developed.

2.1 Zone Method of A
The zone method of analysis, developed by Hottel and
19
Cohen , is the most complete and theoretically sound

mathematical model of radiant heat transfer. The zone method



5
approximates the non-isothermal enclosure and gas by subdividing
the enclosure and gas into surface and volume zones so that each
zone is small enough that its temperature and radiative
characteristics can be considered to be uniform. A gas volume
and its adjacent wall surface may be at different temperatures.
An energy balance at steady state is written for each surface
and gas zone by equating the 'heat in’ to the 'heat out’ for
each zone. The 'heat in'’ includes all energy genmerated in or
absorbed by the zone from all the other zomnes in the kila. The
‘heat out’ includes heat transferred to all of the other zones
in the kiln. BEBach radiative interchange is obtained by
determining radiative exchange factors for each zone pair
combination in the enclosure, taking account of attenuation by
intervening gas, and including the effects of reflection within
the enclosure. The exchange factors for each zome pair
determine the fraction of radiation leaving one surface that is
transmitted to the other surface Jf the pair. For each surface
the energy omitted is proportionil to the fourth power of the
surface temperature.

Total energy balance equations for each zone can thea be
drivn up, taking account of all forms of energy transfer in the
enclosure such as convection of heat due to gas flow, chemical
heat release, and net radiative transfer (interchange) with
other zones. This leads to s set of simultaneous nonlinear
algebraic equations in terms of the temperature of each zone,
which on solution yield the temperature profile within the

furnace, and this then enables the heat fluxes to be evaluated.



The evaluation of the exchange factors forms an essential
part of the zone moethod of anaslysis. They are constructed
sccording to the laws of radiation, taking account of the
omissivity, sabsorptivity, and geometry of the radiating medis.

To minimize tho computational difficulty, the number of zone
subdivisions is kept as low as possible. Unavoidabdbly, this
results in an approximate representation of a non-isothermal
region by the finite number of isothoermal subregions. With the
availability of still larger computers, the subdivision could bde
madoe as fine as necessary to yield the desired sccuracy, but the
ilpfovelents would become progressively less. For some simple
geomotries, exchange areas have beon calculated previously and
are available in published tables*®, Where tabulated datas are
not available, the exchange areas must boe evaluated by numerical
integration for each value of adsorption coefficient considered
in the gray/clear gas model. To date none of the published zone
mothod models have included s oolid bed, presumably because it
would involve added computational difficulties. Predictions by
the zone moethod of analysis have boeen limited to the gas and

wall temperature profile for a rotary kiln.

2.2 Fluz Mothod

The basis of most flux moethods of analysis is a balance for
the flux of radiant energy in a specified direction through an
elementary volume, derived on the assumption that the material
within the element is optically gray (improved accuracy can be

obtained by relaxing this restriction). The method considers a



small elemoental volume, or surface element in the furnace
enclosure, and, by calculation of the net heat flux to and from
that element in one or more directions, goenoratea a total energy
balance for that element. This procedure can be repeated for as
many olemonts aa required to obtain the desired degree of
sccuracy.

Differential equations are used to desocribe the unknown flux
densitieas which are asimilar in form to those which describdbe
mass, momentum, and energy transfer at a point, and these
equations can therefore be combined and aolved numerically.

The flux method haa been limited in practice to
consideration of only two flux directionas (radial and axial) and
a gray gaa. Also, when the Flux Method has beoen applied to s
rotary kiln, a solid bed has not been included in nnf published
spplication of the method to date. The gases can be modeled as
real gases using a gray/clear gas model, but this incroasea the
number of flux componenta, and ;r‘ntly increases the
calculational difficnlty.‘roqnitln; faster computera. With the
advances of computer capabilities, interest in this method may

increase.

2.3 R v Meth

The uvase of network representations to solve encloaure
radiation problems was first auggested by Oppenheim.*® To
include radiation in a thoermal network involving mainly
convection and conduction, it ia convenieant to defime a unit

thermal radiative conductance, or radiant-heat-transfer



coefficient, hr‘ as follows:
4 4
= cFlz (31'1‘1 s,T, )/(T1 - Tz)
where:
g = Boltzmann radiation constant

g8, = omissivity of surface 1

1

8, = omissivity of surface 2

p12 = view factor between surface 1 and surface 2

Al = radiating surface ares upon which F12 is based,
sq. ft.

TI-TZ = temperature difference between surface 1 and

surface 2, R

hr = radiant heat transfer coefficient, in Btu/hr sq ft R

9, = radiant heat flow, Btu/hr

Once s radiant-heat-transfer coefficient has been
calculated, it can be used similarly to the conductive and
convective heat transfer coefficients because the rate of heat
flow is treated as if it is proportional to the first power of
tho temporature difference, and radiation can be incorporated
directly in a thermal network where the temperature difference
is the driving potential, as in coavection and coaduction. Fronm
Eqn. 2.3-1, it is clear that the value of ht varies with the
values of T1 and Tz. as well as their difference.

If readiation heat transfer is the dominant mode of heat

’
transtt’ » 88 is common in s rotary kiln, the convective heat



9

transfer coefficient can be spproximated in the following form:

4

9 ) »

4
' = -

b cv qchA(Tl T
where the convective heat transfeired now is treated as if it
depends on the difference of the fourth power of the absolute
temperatures. This form is related to the non-radiative
coefficient defined by

h = qcv/A(T1 - T,)

cv 2

by the expression,

ae =n /(1 e, hr, v
A conductive heat transfer cooffiqient for the
radiation-dominant case can bo defined similarly. The resistive
network defined in this manner can incorporate conductance and
convection directly in the radiative resistive network.

~The resistive olements in the radiative network are
functions of the view factor (or angle factor), surface
omissivitios, and tho emissivity snd transmissivity of the
intervening medium. The resistive network method, unlike the
other moethods discussed, is only applicable for a gray g.u‘.
i.06. the emissivity, transmissivity, and absorptivity of the

medium are constant fractions of those for black body

rsdiation. Because s resl gas containing CO2 and nzo emits
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and absorbs radiation only at discrete wavelengths, the
transmissivity of a real gas for its own radiation frequency
(wvave length) is much lower than the transmissivity of a resl
gas for thoermal radiation (black body spectrum) from solid
surfaces. Therefore when radiation emitted by a real gas is
reflected from a surface, the gas reabsorbs more of the
roflected radiation, so that only a smaller amouant remains after
the next reflection from a solid surface. This, of course,
assumes that the reflected 1ight has principally the spoectrum of
the incident 1ight. (The total 1ight leaving the surface will
contain both reflected light and emitted 1ight.) However for a
gray gas, the transmissivity is much higher (equal to 1 minus
the emissivity of the gas) and allows more reflected enorgy to
be transmitted to the solids. For this reason, use of the gray
gas assumption in predicting the radiative exchange in rotary
kilns may lead to significant errors, even greater thanm 20
percent® if the surface refleotiv{ty oxcoeeds 0.2,

The groat advantage of & tesi:tive network model is that it
can bo easily set up for any number of surfaces in the presence
of an isothormal gray absorbing—-emitting moedium and solved by
ltr;lghtforvard matrix algebra. The method solves a system of
algebraic equations simultaneously, usually by a matrix
inversion technique using a digital computer. The simultaneous
system of equations is genoerally solved for the radiosities of

the respective surfaces. Onco all the radiosities are obtained,
the net radiative heat transfers and tomperatures from the n

surfaces and thoe gas are determined. Dotails of the derivation,
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and an explanation of how the network diagram is coastructed and

the algebraic method used to solve the network is discussed in

ll.ll.ll 1,3, ]

the literature « Brimacombe et al. *" have used
the resistive network method extensively to model a rotary kiln
with a so0olid bed with fair success, even though axial radiation
and end effects from the kiln end surface were neglected. They
stated that the predicted maximum flame temperatures, flame
lengths and maximum heat fluxes were in broad agreement with the

limited industrial data available.

2.4 Reflection Mothod

In the Reflection Method (Succec®’), the radiation leaving
each emitting surface or gas volume element is traced through
one or more (diffusive) reflections from the surrounding
surfaces which intercept the radiation before final absorption.
Account is taken of the onergy absorbed from the omitted rays
and the reflected rays by the fre;boatd gas and by the solid
surfacos encountered. The net radiant loss for each surface (or
gas) is the difference between the total amount of radiant
onorgy omitted from a surface (or gas) and the total amount
ab;orbed by the surface (or gas) from the energy emitted by the
gas and other surfaces in the enclosure.

The emitted energy from the kiln wall or solid bed is traced
through two reflections and the oenergy remaining after the
second reflection is considered to be distributed between the
solids and wall as if they were black bodies. 'Reflection’ as

used hero refers to diffuse reflection (cosine law), rather than
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specular reflections (angle dependent). The amount of radiant
enorgy attenuated by the gas for each ray is equal to the
difference boetween the oenergy initially emitted (or reflected)
snd that which is transmitted through the gas to either the solid
bed or kiln wall,

A real gas adsorbs radiation only within certain discrete
wavelengths. Therefore, the gas is clear to other wavelengths,
but the radiant onergy lying within the wavelength regions where
adsorption occurs is rapidly attenuated. For this reason the gas
sbsorbs almost no radiation emitted from the solid surfaces after
the second reflection, since all the radiant energy within the
adsorption bands has boen absorbed previously, i.e. the gas
becomoes transparent after only two reflections. Also, after two
reflections a large porcentage of the radiant energy initially
emitted by the solid surfaces has been absorbed by the kiln wall,
or solid bed, or gas. (The spectral distribution of reflected
radiation from a gray or black body is the same as the initial
ray from a gray or black body). For these reasons the
approximation is permissible that the energy romaining after two
roeflections is distributed between the kiln wall and solid bed as
if £hey wore black bodies. That is, all of the energy of the
third reflection from the solid bed is assumed to be absorbed by
the wall, whoereas the energy of the third reflection from the
wall is assumed to be absorbed by the wall and solid bed
acocording to the view factors from the wall to itself and to the
bed.

Thoe path of energy emitted by thoe freeboard gas is traced
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through only one additional reflection after the gas—emitted
radiation originally hits and is reflected from a solid surface
because of the high absorptivity of a real gas for its own
radiation. The energy remaining after the second reflection is
considered to be completely absorbed by the freeboard gas. An
important item in the Gorog and Brimacombe model was the
development of a method to calculate the transmissivity of a gas
for its own radiation. This moethod is discussed in detail in
Section 4.5.

A radiation balance using the Reflection Nethod has been
developed by Go:og1 for a rotary kiln modeled as a single
well-mixed tank. This simplified treatment does not provide a
method for representing temperature profiles nor the variation
of other parameters from one end of the kiln to the other. (See
Fig. 2.4-1). Based on these assumptions this modified
Reflection Method was used to describe the net radiant loss for
the freeboard gas, kiln wall and solids. In Gotog':‘ work there
was no verification or demonstration of the applicability of the

radiative balance by comparison with experimental observation.

2.5 M e R ion
M P at M

The fundamental radiation balance used to model radiative
heat transfer in the present work is based on the Reflection
Method proposed by Succec®’. The present work develops s more
complete heat transfer model than that developed by Gorog?. The

model includes (1) a flame added to the the radiative balance,
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(2) a gas flow model which divides the kiln into a flame and gas
region, each of which is ’‘zoned’ in sections, (3) recirculation
of gases in the flame region, (4) a flame heat release model for
a turbulent flame, (5) a method to estimate the emissivity and
absorptivity of the kiln gas based on real gas data, (6) a
method to estimate the emissivity of the flame, and (7)
calculation of the heat transferred by conduction and coanvection
within the kiln ana through the kilan wall.

The present work is the first model published in the open
literature to (1) include a flame in the radiative balance, (2)
uso the Reflective Method and divide the kilan into sectioans,
(3) include recirculation of gases in the flame region, and (4)
calculate the gas oemissivity and absorptivity based on a real
gas database. The validity of the model developed 1is
demonstrated usin;:a computer program and verified with a set of
exporimental data obtained from operation of a direct-fired
rotary kila which included a flame and solid bed.?’

The model developed is for a.radiation balance for an
enclosure with two gray surfaces (i.0., wall and solid bed) and
one black body or axially centered gray body surface (e.g., the
flame) with any selected CO, 404 H,0 concentration for the
gas in the enclosure. In the present work, the model has been
applied to a rotary kiln with the flame as an interior modified

black body surface and the solid bed and wall as gray surfaces.

The temperature profiles of the three surfaces and the gas
doetoermine the flow of heat within the enclosure. All parameters

required to calculate the radiation balance are variable inputs



16
to the program, and can be modified as needed for different
goomotries, surface properties, and kiln gas compositions.

CO, and H,0 are tho only gas constituents which are

considered to absorb or emit radiation. The flame itself is
treated in Section 4.7 as a gray body to account approximately
for the presence of ‘soot’, or ash particles jn the flame. (The
gray body flame is treated as a black body of reduced area.
Consideration of 'soot’' and ash or solid particles in the gas
snrrounding the flame has been oxcluded from the model.)
Convective heat transfer from the gas to the two gray surfaces
(wall and bed) and conductive heat transfer boetween the gray
snrfaces (wall to bed) are considered in the model. Heat loss
throogh the enclosure shell is also estimated for a shell of 3
soparate matorials. Conduction through these shell layers is
considered, as well as convection and radiation from the outer
surface of the shell to the ambient surroundings.

Numerous simplifications and i:sn-ptions are required in
developing a heat transfer model for direct-fired kilas. The
combined effect of these simplifying assumptions on the model
sccuracy is difficult to ascertain. Goroz"’ has quantified
the individual error in percent of total radiative exchange
(flux) in a rotary kilan resulting from three such assumptions:
(1) the neglect of axial radiation resulted in less than a 15%
error‘, (2) the assumption of a constant circumferential wall
temperature resulted in less than 3% error for the net radiant
enorgy transfer to the solid bu:don’. and (3) the effect of the

gray gas approximation led to an error of l1less than a 20% for
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wall and solid emissivities greater than 0.8, The first two
sassumptions woere incorporated in the present work while the gray
gas approximation error was avoided in the present model by
using a real gas data base to estimate gas omissivities and gas
sbsorptivities.

The errors have not been estimated in the literature for
other assumptions such as (1) neglecting recirculation of
combustion gases, (2) neglecting kiln end effects, (3) the
extent of solid bed mixing (i.e., temperature varying with bed
depth), (4) coarseness of kiln zoning, and (5) the effect of
postulating that the temperature of each element in each zone
(gas, flame, wall, and bed) remain constant in each zone. In
actuality the tempoeratures may vary by 100°K or more from one
end of a zone to the other. The cross relations and
co-variances of these effeocts with each other make them
difficult to estimate separately. For instance, axial radiation
impacts several of these assunpti&ns: kiln end effects, kiln
zoning, and recirculation of combustion gases. In a numdber of
cases, some of these offects will partly compoensate for each
other. Further studies will be required to quantify the effects
of all of the assumptions used in this or any similar model.

BExporimental data to quantitatively evaluate the heat
transfer uncertainty resulting from these assumptions are not
available at this time. For the ERRU (Eanvironmental Rapid

Response Unit) kiln, the aunthor’'s crude estimates, based on

limited soensitivity calculations, of the effects of these

assumptions on model predictions of total heat transfer to the
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solid bed are as follows: (1) recirculation of combustion gases,
S to 10%, (2) kilan end surface offects, less than 5%, (3) extent
of solid bed mixing, 10 to 20%, (4) coarseness of section
zoning, S to 10%, and (5) determination of average temperature
within a section, 5 to 20 %. The background and basis for each
of these ostimates is discussed in the particular section
concerned with each of these phenomena.

The influence of recirculation of combustion gases,
coarseness of zoning, and definition of the average temperature
within a zone for the gas and solid bed are discussed in Section
3.2 and 8.0. An increase in the number of zomes would be
oexpected to reduce these effects. The results of the heat
transfer analysis with and without recirculation are discussed
in detail in Section 8.0.

Axial radiation and end effects also affect the temperature
distribution in the flame, the gas surrounding the flame, and
the downstroeam gas. These effects are discussed in Section
4.3, These effects cool the flame and heat the gas and are
similar to the effects of recirculation. A study that used the
zoae
-etﬁod‘ snd included axial radiation and end effects
indicated fair agroemoent with gas and flame temperatures in the
flame region compared with experimental data. This study did
not include recirculation effects because the author? considered
there was little gas recirculation.

The temperature gradient of the gas and solid bed in the

flame region is very steep, with a tompoerature change of several
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hundred degrees in each zone. The model selects 'average'’
effective radiative temperatures of the gas and solids in each
zone that are characteristic of heat transfer in that zome. If
the heat transfer were based on the exit temperatures of the bed
and gas of the previous section, more heat would be transferred
to them from the wall and flame than if the calculations were
based on the average temperatures of the bed and gas in a
section, particularly for the initial sections where the
temperature gradient is steep. The steady-state radiative
temperatures of the gas and solids in each zone were determined
from a trial and error solution. Gas and solids temperatures
were estimated such that the heat transferred to the gas (or
solids) plus the enthalpy of the entering gas (or solids)
corresponded to the temperature estimated. In this calculation,
all of the processes affecting heat flow within the zone are
considered: combustion, mass flow, radiationm, convection, and
conduction. No discussion was found in the literature of the
basis by which the average tompe;ature within each section is

selected.
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3.0 NODEL DEVELOPNENT OF THE KILN FLOW PATTERN AND FLAME MODEL

The doetoermination of temporature distribution in a rotary
kilan involves the simultaneous solution of three basic problems:

a) The flow pattern of gases and solida.

b) Heat roelease rate by fuel combustion.

¢) Hoeat transfer to and from the flame, gaa, solid bed, and

wvall,

Rotary kilns of widely varying characteristics are used in
industrial operations, and approximate models have been
developed to estimate the operating characteristics of
particular kiln designs. However, published data oan the
operating characteristics of rotary kilans which are detailed
enough to verify the models are scarce. The particular type of
kiln selected to verify the model (a kiln?’® ywith two skewed high
intensity o0il burners) was chosen becaunse (1) sufficieant data
woere available to verify the lodgi. and (2) this type of kiln is
used in several important applications such as incineration of
hazardous waste (for example, soils contaminated with dioxin).
The kiln modeled had an internal diameter of 4 foeet and was 16
feet long. The burner configuration for this kila produced a
short, bushy, turbulent flame, which was observed to have a
flame length of about three feet. The general features of the
model developed could be applied to kilns of other dimensions,
but appropriate modifications would be required to describdbe
other flame types and burner configurations. The model needs

information on the particular flame length, flame heat release



21
rate, flame diameter, solid bed characteristios, and other
operating characteristics of the specific kiln studied.

The three major problem areas mentioned above are discussed
separately in the following sections for the kilm selected to
demonstrate the model. The simpler sub-models developed for
troating each of these basic problems are combined in the final

complete model.

3.1 Mathematical Model of the Gas Flow Pattorns in s Kiln
Previons ¥ozk -

Heat flowv and temperature distribution in a rotary kilan will
be affected by the gas flow patterns in the flame, in the gas
region surrounding the flame, and in the gas region dowanstreanm
of the flame. The complex mass flow equations describing these
turbulent flows are difficult to solve analytically in ways
which can be incorporated in a heat transfer model. Therefore,
most modeling efforts resort to sf.plifyin. assumptions for the
flovw patterns, such as breaking ip the kilan volume into a numbdber
of well-gstirred tanks or assuming that the gases would move in
plug flow in some reactor regions., The term ‘well-stirred tank’
is ;sod to indicate a section of the kila in which the
temperaturea of the gas and solid surfaces are constant but not
necessarily equal. In the Zome Method (Hottel)®® gnd the
Resistive Network Method (Brimacombe)®.?, the volume and
surfaces are subdivided into a large number of zomes with
uniform tempoerature and conceantration within each zome. (See

Figs. 3.1-1 and 3.1-2).
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A flov model used by Field ot al.?® considers the burmer
rogion of the kiln as a partially stirred reactor, and the
remainder of the kiln is assumed to be operating with plug flow
(Fig. 3.1-3). Figures 3.1-1, 3.1-2, and 3.1-3 illustrate the
nature of the flow patterns in these models. Other mathematicsl
treatments of flow patterns are discussed in the literature

(Hottel?, Spalding’).

Cnrrent Work -

The Reflection Method of radiant heat transfer as spplied by
Gorog® makes use of a single well-stirred reactor gas flow
model, and average values of the kiln operating variables to
predict radiant heat transfer within the kilan. This approach
has been modified in the present work to consider the gas flow
in the kiln as taking place in a combination of well-stirred
reactors with differing temperatures, gas compositions, and gas
flows in each. The kilan volume 1; divided transversely into a
flame region, containing the flame surrounded by gas, and a gas

region containing no flame (See Fig. 3.1-4).

3.1.1 RFlame L M od K
The selected burner configuration and kiln dimensions used

in the calculation were takenm to be those of the EBRU®*® kilna,.

A model or calculational procedure to predict the flame length

for this type of burmer configuration is not available in the



F1

El

D1

P R S
A C D
FLAME H GAS
J G
K M N
Cl1 Bl Al Z Y
Figure 3.1-1, Division Zoning for Zomne Method
A B C D E
FLAME D GAHS
SOLIC BED

Figure 3.1-2, Division Zoning for Resistive Method

X4



24

WELL MIXED
REGION

FLAME

PLUG FLOW .

REGION

Figure 3.1-3. Partially Stirred Reactor with Plug Flow

FLAME GRS
REGION REGION
_—
—
. _—

Figure 3.1-4,

Flame/Gas region of Direct Fired Kiln




25
literature. Only procedures for the diffusion type flames
observed in large kilns are available’, The flame in the
present model is not a diffusion type flame because of the
turbulent mixing induced by the skewed burners and the excess
stoichiometric air introduced through the burners. The
diffusion flame length models in the literature (for example the
work of Thring and Newby??) are not applicable for this
particular type of burner configuration and kilan operating mode,

but they could be used in this model when the appropriate type

of burner is used. Their models are based on single axial jet
behavior where the length of the flame is controlled by the rate
at which air is entrained into the jet stream, resulting in a
long slightly divergent flame. It was not possible, therefore,
to justify the flame length on the basis of correlations for
diffusion flames. The flame length used in the calculation,
three feet, was that experimentally observed during the
collection of the data set for th; BBRU kiln (listed in

Appendix D).

3.1.2 8 Zone Le Mod

The number of well-stirred tank sections used determines the
coarsoeneas of the resulting representation of the temperature
profile. A larger number of sections is particularly important
in regions of steep temperature gradient such as the flame
region. However, increasing the number of well-stirred regions
beyond two for the flame region significantly increases the

calculational difficulties required to determine the temperature
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profile in the kila. These difficulties are compounded for the
flame roegion when the effect of recirculated gases is
considered. (See below Sectiom 3.2 - Recirculation and
Entrainment of Combustion Gases). The flame region is modeled
in this study as s combination of four ‘well-stirred reactors'.
The flame itself is modeled as an axially symmetrical
cylindrical flame which is divided into two iell-.tirred tanks
in series (Fig. 3.1.2-1). The gas in the flame region
surrounding the flame is divided into two annular well-strirred
tanks. This diagram is explained further in Sectionm 3.2. For
the kilan region downstream of the flame, the temperature
gradients are less steop and heat transfer results are less
sensitive to zome length.

The lengths of stirred tank sections mentioned ia the
literature (Brimacombe®) are between one and three feot.
Brimacombe reported that shortening the section lengths further
does not affect the resulting telﬁerttnre profile
significantly. For the present @aodel two 1.5-foot long flame
sections were considered sufficieat to model the flame, for the
reasons given in the following. A single 3-foot long flame
section model would not provide a way to describe any
temperature gradient in the flame region. Further, the use of
twvo sections to model the flame (1) provides a more realistio
tompoerature of the flame and surrounding gas in the flame region
than using one section, snd (2) allows the calculation of the
oeffect of recirculated gsses to be performed without

unreasonable difficulty. Dividing the flame region into more
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than twvo sections was felt to be unjustified for this short
flame of the present kilan model in 1ight of the reported small
increase in accuracy, and the associated increased computational
difficulties. The preseant model could be exteanded to
incorporate a larger number of sections in the flame region for
kiln designs with longer flames. The Discussion of Results
(Section 8.0) compares the temperature distribution resulting
when the flame consists of one three foot section with that when
it contains two 1.5 foot long sections.

The gas surrounding the flame is also modeled as two
well-stirred annular tanks in series. The remainder of the kiln
downstream of the flame is considered as the gas region (without
a flame present) and is modeled as a series of ’'well-stirred
tank’' sections each 1.5-foot long. In the gas region, the
gradient of the temperature profile within the kiln does not
change abruptly, and 1.5 foot long sections are considered to be

roeasonable.

3.2 rounlatio Entrainment o n 6
Previons Work -

.Rocirculation is the reverse flow of fluid from a poiat in
the downstream section of a jet, with re—entrainment of this
fluid into the joet nearer the injection source. If additional
air is added outaide the jet, this gas may also be entrained in
the jet. Recirculation and entrainment are important effects to
include in the model because they significantly increase the

temporature of the gas surrounding the flame (by adding hot
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combustion gases from the down stream gas region) and decrease
the flame temperature (by the entrainment of the lower
temperature gases surrounding the flame) and hence affect heat
transfer. The amount of gases entrained is a function of the
burner configuration and operating charaoteristics. The amount
of gases recirculated depends on how the air (that required for
combustion and any excess air used) enters the kila. If an
adequate supply of secondary air is available to fill the vacuum
created by the jet, less recirculation from the jet itself will
occur, and recirculation will not be as signifioant to heat
transfer ia the kila,

The effect of gas recirculation has not been treated in heat
transfer models for rotary kilas found ian the literature
survey. Jenkins’. discussed the amount and significance of this
phenomenon for some kiln types. For a particular kila, Jenkins
predicted (using the Curtet correlation) a recirculation ratio
of 1.87’.. However, Joenkins did not incorporate the
recirculation results into an ov;xall heat transfer model.
For a particular kiln (Johnson.‘). the amount of recirculation
predicted by the Thring and Newbdy correlntion’, and the Curtet,
et al., correlation” was found to be in fair agreement with
the experimentally measured value of 'r,.o (the ratio of
mass recirculated to mass fired). The measured value was 1.05,

while the Thring and Newby correlation predicted a value of 1.6,

and the Curtet, et al. correlation predicted s value of 1.1. A
more closely applicable entrainment model for the type buraner
configuration modeled in these calculations has not been fouad

in the literature.
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The basic entrainment correlation has been verified
roasonably well in a number of experimental investigations (for
example Beer'. or Barchillon and Cnrtet"). More detailed
discussion of the equations used to describe entrainment is
included in Appendix A, More refined theories of confined jets
have been proposed, such as the work of Curtet ot al.’.. and
Beckor". The literature indicates that a swirl burner
increases mixing in the flame region (Noislen)'. even further,
and it is expected that the skewed buraner configuration would

also increase mixing.

Curront Model-

The effect of recirculation and entrainment of gases by the
flame is addressed in the present work with a simple model,
drawing on the work of Thring and Newby. The recirculation/
entrainment phenomenon is illustr{ted above in Fig. 3.1.2-1,
This pattern shows that do'n:trofl gas is recirculated to the
second gas section of the flame region and that part of the
second section gas is recirculated to the first gas section.
The correlation of Thring and Newdby, as modified by Field et al.‘.
was used to estimate the mass of gas recirculated to and
entrained from the surrounding gas. 8See Fig. 3.2-1. The Thring
and Noewdby correlation states that the jet entrains as a free
jJot and the entrainment, =, (in addition to the initial jet

flow, ao) up to any distance x from the burner nozzle to this

point is given by the equation (Bq. 3.2-1):

1/3
nr=[0.32(p./p°) / (x-Gdo)/donol--o BEq.3.2-1
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where Py, = density of gas entrained in the jet, lb/ft3
p_ = density of jet stream, 1b/ft3

m = mass fired through the burmer 1b/hr

m_ = additional flow at distance x due to recirculation

and entrainment

x = distance from the burmer nozzle, ft

d° = burner nozzle diameter, ft v
This correlation, based on empirical studies of entrainment for
a free jet, indicates that the degree of entrainment by the
flame per unit jet length is proportional to the axial distance
from a point 6d° downstream of the burmer. The 6do distance
is required for the jet to become fully developed. At x/do
less than 6, the entrainment rate pexr unit jet length is lower,
increasing progressively with distance until it stabilizes at
the constant value corresponding to Eq. 3.2-1. Consequently, to
account for the lower entrainment rate in the jet region (first
flame section) where the distance x from the burner is less than
6 nozzle diameters (24 inches for the EERU flamo):‘. the mass of
gas entrained by the second section of the flame in the modeled
kiln was arbitrarily taken to be twice the mass entrained in the
fi;st section of the flame (in place of equal entrainment rates
per jet length)., This is seen above in the block diagram (Fig.
3.1.2-1) where 1/3 of the recirculated gas is entrained in the
first flame section while 2/3 of the recirculated gas is
entrained in the second flame section. The resulting flow
pattern is shown in the block diagram of Fig. 3.1.2-1,

Increasing the recirculated fraction of combustion. gases would
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offectively increase the mixing in the flame region.

The overall mass balance of the flame region requires that
the total mass oentering the region (the sum of the excess air
and the mass fired through the burner) be equal to the mass
leaving the flame region (the mass of the combustion gas
products plus the mass of excess air). Expressed

mathomatically,

Io + lxlir = ucp + uxcir (Bq.3-2.2)

Note also that this equation requires that .o = Icp. where

No includes the stoichiometric mass of air required to bura
the fuel and ucp includes the mass of nitrogen ian the
stoichiometric amount of air. If extra air is introduced with
Ho. the extra mass is included in lcp' Also, the mass of

gas recirculated must be less tham or equal to the total mass
entrained in the flame, or less this mass for the case with
added secondary air.

The effects of recirculation and entrainment can be
qualitatively thought of as a partial mixing of the gas
surrounding the flame with the flame. The surrounding gas is
cooler than the flame. The principal results of considering
recirculated gases in the flame region are the increased
tempoerature in the gas surrounding the flame, the decreased
tempoerature in the flame sections of the flame region, sand the
resﬁltlnt lowering of the heat transfer in the flame region of

the kiln. These effects are discussed further in Section 8.0
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(Results and Discussion). Downstream of the flame region, the
jot is considered to be completely dissipated and the gas is
completely mixzxed. 1In this region it is assumed that the gas
tempoerature within each section is uaniform.

The application of this model to the preseat work is
spproximate in light of the differences between a free joet for
which correlations are available and the short turbuleat ‘'bushy’
conical-shaped flame used in the kiln modeled. Data from the
operation of the ERRU kila provide no information regarding
recirculation nor results which could be compared with the Thing
Newby correlation. However it will be shown later (see Section
8.0) that the temperature profile, as indicated by the shell
temperatures, is more closely predicted by a model including
recirculation. Also, the exit temperature in the solid bed was
lower than could be accounted for with a hot flame not cooled by
recirculation. The flame region {s modeled in the approximate
way (shown in Fig. 3.1.2-1) as a combination of four
'well-stirred tank’ sections. Tiio model provides an
spproxzimation of the entrainment phenomenon. The mass of gas
recirculated, I(l°p + 'cp) is allowed to be a variable input
in the program, and, as discussed above, 2/3 of this amount is
recirculated in the second section and 1/3 in the first section
of the flame region.

The correlation of Thring and Newby was modified slightly as
discussed in Appendix A in calculating the amount of gas
recirculated to make allowvance for the broader conical angle of

the observed short 'bushy’—shaped flame in the EERU kiln as
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compared to the longer, narrow-angled shape of a diffusion type
flame. The use of a wider flame angle results in the flame
envelope striking the enclosure wall (where developed flow is
assumed to begin) closer to the burner. This results in a
shorter distance over which eatrainmeat canm ocour.

Consequently, less gas is entrained by the shorter flame modeled
than would be entrained by a longer diffusion type flame. This
modification of the Thring Newby theory is detailed ian Appendix
A. The modification results in 1/3 as much gas being
recirculated as for a longer flame. Using the modified
correlation, the mass of gas recirculated was calculated to be
3/4 of the mass of air and fuel fired through the burner. (See

Appendix A for details).

3.2.1 n C Recix Entr
Gasos
The gas downstream of the flame region is composed of

combustion gases (including the nitrogen content of the

combustion air) and excess air. Following the method of

Thring Newby®’, and Thring’*, the downatream (third section)

gas of this temperature and composition is recirculated to the
second gas soection of the flame region. 8See Fig. 3.1.2-1. The
tomperature of the gas recirculated to the first gas section is
that of the second gas section. These recirculated gases in the
first and second gas sections are entrained in the flame.

The initial gas tempoerature for each gas section was

calculated by an enthalpy balance of the secondary excess air
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mass flow and recirculated gas mass flow entering and leaving
each gas section. The details of this calculation are given in
Appendix B. (See Bq. Bll in Appendix B). For each section, this
initial temperature was then used in the radiation balance to
determine the heat gained by the gas from the flame and wall as
the gas reaches its final section temperature. This procedure
will be discussed in further detail in the discuasion of the
program development.

The composition and heat capacity of the gas entrained by the
flame were assumed to be those of the recirculated gas. The
effect of mixing the secondary air and recirculated gas oan the
heat capacity of the gas entrained by the flame is considered to
be small since the compositions were very similar (primarily
nitrogen) and the heat capacities were approximately the same.

Thring and Newdby made the assumption that the secondary air
is entrained before any recirculated gases are entrained. Their
assumption was based on a buraer Jﬁn!ignr.tion where the
secondary excess air was introduced immediately around the burner
nozzle. In the present model secondary air was assumed not to be
entrained directly into the flame. In the BRRU kilan for which
calgnlntions wvere made®’, the secondary air eanters in other
ways, mainly through leaks around the kiln end socals and feed
chute. (The kiln was operated at a negative gauge pressure of
about 0.3 to 0.5 inches water to proevent leakage out of the kiln
of potentially hazardous gases). The amount of leak air
(approximately 65% of the stoichiometric air) was determined by

an overall heat and mass balance based on the data obtained from
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the ERRU kiln. If cool leak air were entrained directly into
the flame, it would cool the flame, and reduce heat transferred
to the solid bed.

Further details of the fluid flow model for the flame region
are discussed in Appendix A. The enthalpy balance is discussed

in more detail in Appendix B.

3.2.2 The Bffect of Using a Single Zone for the Flgme Section

Recirculation and entrainment in the flame was modeled both
for a single (3 foot length) section and for two (1.5 foot
length) sections. The recirculation of combustion gases modeled
as a single section is a much simpler subset of the block flow
disgram (Fig.3.1.2-1 above), and a description is given below in
Fig. 3.2.2-1. Bxcept for the number of sections in the flame
roegion, the heat and mass balance calculations were carried out
in the same way. The results of the comparison are given in

Section 8.0 (Results and Discussion).

3.3 Ch 1 R n_an at R
Previouns Work -

ATho combustion process is a chemical reaction. The rate of
reaction depends on the concentrations of the the fuel and
oxygea, and on flame temperature. The rate of reaction can be
controlled either (1) by the rate at which reacting molecules
are brought together, ‘diffusion controlled combustion’ or (2)

by ’'kinetically controlled combustion’, where the reaction rate
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is limited by chemical reaction rate constants. Under some
circumstances both mechanisms can contribute significantly to
the overall rate of reaction.

Diffusion controlled combustion is genmerally the limiting
case for combustion of flames in those kilns where the reaction
rate constants are high and the fuel and air react as soon as
they are mixed togoether by turbulent diffusion. Generally, the
fuel used in kilns (atomized fuel oil or pulverized coal
suspoended in 10% to 20% of the stoichiometric amount of air),
enters the kiln at a high velocity. For diffusion control, the
remaining air required for combustion enters as ’'secondary air’
at a lower velocity around the burner nozzle. The rate of
combustion is then determined by the rate at which the secondary
air is entrained into the high velocity fuel jet stream (or
flame shell). In this process, the fuel stream is depleted of
oxygen, and combustion occurs on the outer edge of the fuel
stroam. Flames of this type in l;r;e kilns can range in length
from 10 feet to 60 feet depending on the burnmer configuration,
operating conditions, and firing rate. (See for example

*, or Sarofim’‘).

Thring’*, Brimacombe’, Johnson’’, Jenkins®
Kinetically controlled combustion occurs when the rates of
mizxing are extremely high (or when the fuel has been vaporized
and premizxed with the air prior to combustion) and the rate of
reaction is not limited by the supply of oxygen or the removal of
combustion gases, but principally by the rate constant of the
chemical reaction. The kiln modeled falls into this category

because the fuel stream is well- mixed (due to the burner
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configuration) with slightly more than the stoiohiometric
roquirement of air (110%), and hence the rate of buraning is not
likely to be limited by the supply of oxygen in the fuel streanm.
Additional secondary air (about 65% of the stoichiometric amount)
enters into the kila (though not through the burner) and
contributes to the surplus of air for combustion.

An argument has been made by Williams?” that a combustion
process of the type modeled is not eantirely oontrolled by the
kinetic reaction rate because the atomized fuel oil droplets
must be evaporated before combustion occurs. EBither diffusion
of oxygen to the o0il droplet or evaporation of the oil droplet
could be the rate limiting step in the comdbustion process.

Similar rate limitations have been studied by Lee. Thring,

'* for the burnout rate of soot in the later stages of

and Beer
combustion, where the flame has entrained a sufficieat amouant of
air so that combdustion is not lll{ted entirely by diffusion of
oxygen only. At this later stage of combustion, the relative
magnitudes of the reaction rate d;o to the diffusion rate of
oxygen to the soot particle and the kinetic rate of the soot
burnout are considered similar’®. Hovever, the short, intense
tln;o observed in the kiln modeled is strong evidence that the

combustion was not controlled by diffusion of oxygeam into the

flame onvelope (as in diffusion flames).

Current Model -
Unfortunately, very little information is available in the
open literature to model heat release rates in flames of the

type used in the particular kiln for which the model was
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applied. Most kilns operate with long narrov flames which are
under diffusion control, and hence the models used in the
literature woere developed for these type flames. However, some
useful 1nfor;ation can be extracted from the following
observations on diffnslo§ coantrolled flaie::

1. Several experimental stndi;s have beon made or reported
which indicate that 80% of the heat is released im the first
half of the flame length. (See for example Cross and Yonn;".
Johnson". Jonkins... and Bri-aoo-be') This result suggests
that the slower reaction ian the second half of the flame is
primarily the burnout of soot and/or CO formed in the flame, and
only in part is the result of combustion of vaporized fuel.

2. There is some short distance (typically up to 6 buraer
diameters) for diffusion controlled flames before jeot
stabilization and entrainment of gas occurs (Thring and Ne'by)’,.
Combustion is slovw or absent until sufficient air is entrained
into the fuel jet. In the kiln modeled, the distance before
combustion occurred was visually estimated to be a few inches
(about one burner diameter), suggesting sufficieanat mixing of air
for almost immediate combustion.

3. Model and expoerimentally moeasured temperatures in
diffusion flames increased throughout the leagth of the flame.
(See for example Iohnson". Ionkins... Brilnco-be').

As discussed above in the flow model (Section 3.2), the
division of the short flame region into two sections instead of
one section provides a better description of fluid flow with

recirculation for the kiln modeled in this study. To provide a
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positive increasing temperature gradient in the flame region, at
least a two section flame region is required. From measured
tompoerature profiles ian diffusion flames’, it may be inferred
(as discussed below) that (1) with kinetically controlled flames
more than half of the combustion reaction also takes place in
the first flame region and that (2) the temperature increases
throughout the length of the flame.

The first inference is consistent with simple bimolecular
reaction rate theory where reaction rates generally vary
directly with the product of the concentrations of the
reactants. The concentration of fuel in the first section is
higher than in the second section, while the oxygen
concentration decreases from the first to the second sectionm to
a lossor degreo due to entrainment. Consequently one would
expoect more fuel to be burned in the first section. Ia the
second section, the fuel and air have been preheated nearly to
the maximum combustion to-poraturJ in the first section, and the
burning of the roemaining fuel served to heat the combustion
products to the maximum flame temperature in the second
section. It has been observed in the ERRU kiln that the mazimum
shell temperature is in the vicinity of the second section of
the flame (see Fig. 8-1.1 and Appendix D). It is clear that the
gas tomperature must decrease beyond the flame region since no
internal heat is goenerated but heat continues to be lost from
the gas rogion beyond the flame. But, as discussed below, if
too large a fraction of the combustion heat were generated in

the socond flame section, the relative temporature rise in the
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second section predicted by the model would be too large.

The three observations quoted above in this section and the
subsequent discussion led to a choice of 70% comdbusted in the
first section., This choice is slightly less than that of
diffusion flames discussed in the above observations (observation
1). Sensitivity calculations using the computer model (developed
in this thesis) were made which indicated that a value of at
least 60% and not more than 80% is required for the model to
predict reasonable temperatures, i.e., where the second section

is slightly hotter than the first section (observationm 3 above).
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4.0 DEVELOPMENT OF RADIANT HEAT TRANSFER NODEL

The primary intent of the thesis is to develope and
demonstrate the validity of a heat transfer model for a rotary
kiln including a number of modifications and improvements over
previous models. The initial model is based on the Reflection
Mothod" as developed by Gorog and Bti-nco-be‘. The
modifications include the additions of a flame region, and
division of both the flame region and the downstream gas region
into a number of well-stirred zomes to account for axial
variation in temperature. The modified model considers
convective and conductive modes of heat transfer, ss well ss
radiative heat transfer. Further modifications iavolve an
improved moethod for treating the emissivity of a flame and the
use of a real gas data base to estimate the emissivity and
absorptivity of the gas as a function of the solid and gss
temperatures. '

The overall model is then a set of algebraical equations
ropresonting for each kiln zone all of the ways (radiation,
convection, and conduction) in which heat is transferred between
zon; components (gas, solid bed, wall, and flame). In the flame
rogion zone, the heat added by fuel combustion and the effect of
gas recirculation on heat transfer are also represented in the
algobraical equations. This set of complex equations for the
temperature of each component in each zone is solved
simultaneously by trial snd error. For a particular set of
operating conditions (fuel, air, and solid bed feed rate), the

solution involves selecting a trial set of component
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temporatures for a particular zone, calculating the heat
transfer and tomperature changes of each component in the zone
which determine the entering temperatures in the successive
zone. The original set of trial te-potatnéei for a zone are
modified until they are consistent with the heat balance and
other constraints represented by the set of simultaneous
equations.

For example, the wall tempoerature is selected such that the
heat transferred to (absorbed by) the wall is equal to the heat
conducted through the wall refractory and lost to the ambient
surroundings from the shell., If a different wall temperature
woere selected, there would not be a balance between the heat
transferred from the flame and other kilan components to the wall
and the heat transferred through the wall, (See Section 5.1 and
6.1 for further discussion). The gas tempoerature is selected
such that the heat absorbed (or lost) by the gas (composition
and mass) is sufficieant to raise_(;r lowver) the enthalpy of the
gas corresponding to the temperature selected. Similarly, the
solid bed temperature is detoermined in the same fashion as the
gas temporature. The flame temperature is specified such that
the sum of the flame combustion products and heat transferred
from the flame to the gas, wall, and solid bed is equal to the
heat released in that zone of the flame. In this way, the
temperature of each component in each zone canm be simultanecously
detormined with independent component constraints. For a
particular zone for a selected set of trial component

temperatures, different sections of the LOTUS 1-2-3 worksheeot
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simultaneously calculate the heat transferred, the gas
emissivity, shell heat loss, and the enthalpy of the gas, flame
combustion products, and solid bed.

The radiation, coavection, and conduction balances determine
the net heat gained or lost from the gas and each surface for a
given set of temperatures. The set of gas and surface
tomporatures soelected (by the user) must safisfy the overall
balance (Bq. 4.0-1) and any further constraints, such as steady
state operation, (including heat transferred by coanvection and
conduction).

The overall balance for the total kilm or any particular
zone in the kiln is represented by the following overall heat

and mass balance equation:

nair+ Qco-b- AB'..+ Antolids+ Qsholl loss (Bq. 4.0-1)
where,
naif = enthalpy of the entering combustion gas and excess
air
Qco-b = heat of combustion of the fuel
AB‘.. = change in enthalpy of the comdbustion gas and excess
air
Alsolids = enthalpy of the solids
Qsholl loss ™ heat conducted through the wall and lost from

the outer shell
At the stoeady state kiln conditions, the temperature of all kiln

components from the beginning to the end of each zone remain
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constant with time. The tomperature of each compoment will make
a discontinuous change (step) to the temperature in the next
zone which will be doetermined by the constraints described by
the set of simultancous equations for that zome. Further
discussion of steady state constraints for the solid bed, gas,

wall and flame are included in Sections 6.1-1, 6.1-2 and 6.1-3,

4.1 Reflection Method of Analvsis

The heat transfer model developed uses the Reflection Method
(Sueeoe)’. to predict the heat transferred by radiation within
each section of the kilan., The Reflection Method radiation
balance, as presented by GOtO". troated the entire kiln as
one large section with two surfaces (wall and solid bed) and a
participating gas, without a flame present.

Radiation is emitted by the solids and gas in accordance
with the Stefan-Boltzmann lawv of radiation which requires that

the rate, Q st which the total radiation is emitted from a

il
surface i at temperature Ti’ is proportional to its surface

ares, Ai‘ surface emissivity, s, and surface temperature

‘l‘i to the fourth power. This relationship is expressed

mathomatically as follows:

4
1 emitted = cAiciTi (Eq. 4.1-1)

where the ¢ is the Stefan-Boltzimann constant.

Q

In the Refleoction Method, the radiation initially emitted by
a surface is followed through several (diffuse) reflections from
the enclosure surfaces, taking account of the amount of

radiation absorbed and reflected by the solid surfaces at each



48
interception, and of the amount of radiation absorbed by the gas
in the enclosure between surface interactions uantil all the
initially emitted radiation has been absorbed. As the method
was applied by Goro;‘. the radiation initially emitted by a
s0lid surface was followved through two refleetions, after which
s0 little radiation remained that it was considered completely
absorbed on its next interaction with a solid surface. The
number of refleoctions which need to be followed, of course,
depends upon the absorptivity of the surfaces.

The radiation emitted by the gas, on its initial collision
with a so0lid surface, was partially absorbed and partially
roflected. A large part of the reflected radiation was absorbed
during pasaage through the gas, since the absorptivity of the
gas for its own (reflected) radiation is high. On the next
(second) collision of what romains of this reflected radiation
with 3 so0lid surface, again it was partially absordbed and
partially reflected. So little oi the initial gas radiation
romained after this reflection that it was comsidered to bde
completely absorbed by the gas during its next (second) passage
through the gas.

The fraction of radiation which ias absorbed by a surface i
is detormined by its absorptivity, a,., which for a gray body
is equal to its emissivity, 8y The reflectivity, Py
doefines the fraction reflected by an opaque solid, which is
equal to 1-61'

Air containing combustion products emits and absorbs

radiation only in particular wavelength bands. Otherwise it is
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transpareant to radiation. Its absorptivity, 0' (a funotion of
gas ocomposition, radiation wavelength distribution, and
temperature), is the fraction of incident radiation absorbed in
traversing the gas. The transmissivity, t'. the fraoction
transmitted, is oqual to 1-0‘. The radiation charasoteristics
of the gas are discussed in detail in section 4.5.

When the kiln geometry, governing view factors, and the
radiation characteristios of the solid surfaces and of the gas
(emissivity, reflectivity, and transmissivity) are specified,
equations can be written for each emission and adbsorption step
in the radiation balance. The radiation paths, including
refleotions with a flame, and the associated equations are
discussed in Section 4.2.

This process will be demonstrated in the following sections
for a simplified oxample where the enclosure contained one gas,
no flame, and twvo surfaces (solid bed and wall)., The individual
omission, absorption, and :ofloctign terms will be developed for
the radiation from each of these emission sources. Reflection
diagrams for the solid bed surface and gas are shown in Fig.

4.1.4-1 .nd Fi'o ‘01.6-10

4.1.1 Construction of s Radjation Balsnce Using the Reflection
Method

To construct a radiation balance in a kila section using the
Reflection Method, the first step is to caloulate the radiation
emitted from each surface in the section. As discussed in

Section 4.3, several simplifying assumptions were made in this
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mnodel including the neglect of axial radiation to adjacent zones
and kilan end surface offects. The surface emits radiation to
the surrounding surfaces as governed by the view factors, which
in turn are determined by the goometry used to model the
enclosure. The view factor from one surface area to another is
the fraction of radiation leaving the first surface which is
intercepted by the second surface. The sum of the view factors
for one surface in an enclosure to all the surfaces in the
enclosure (including itself) is unity i.e.

N

,Z-; Py =1
The view factors used for each section of the kila are based on
the areas of the wall, solid, and flame in each section, as well
as the kiln configuration. The view factors in each region are
taken to be the same for each section. Determination of these
factors are discussed in Appendixz C.

As radintidn passoes through the gas in the enclosure, the
gas absorbs a fraction of the rad};tion. The roemainder is
transmitted to the receiving surface as determined by the view
factor. All the radiation loaving s surface is either absorbdbed
by the gas or intercepted by the surfaces in the enclosure. The
intercopted radiation will be partly absorbed and partly
reflected (diffusely). By tracing the emissions of radiation
from a surface and its subsequent (diffuse) reflections and
absorptions, the fraction of the emitted energy absorbed by the
gas and by all the surfaces in the kila sectiom canm be
estimated. Sections 4.1.4 through 4.1.6 discuss the equations
required to trace radiation emitted, reflected, and absorbdbed by

the gas and surfaces.
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The amount of radiation emitted and absorbed by the surfaces
and by tho gas in a section of the kilan is a function of their
temporatures and their emissivities, absorptivities, and
reflectivities. To coastruct the radiatiom balance, the
emissivity, absorptivity, and transmissivity of the gas must be
known as a function of temperature. Likewise the absorptivity,
emissivity, and reflectivity of the solid surfaces must be
known. Finally, the geometry for each section of the kilan must
be knowan to determine the view factors.

At stoady state the tomperatures within a section of the
kiln must reach constant values such that the net energy gained
or lost by the section is zero. This is the basic overall
enorgy balance for a section. (See Section 4.2 for the detailed
drawings of the radiation paths used in the radiation balance
and the resulting set of equations from which kiln heat flows

and kiln temperatures are calculated).

4.1.2 Tho Absozption of Radistion Originsting from s Solid
Snxface
P ns ¥ =

A In the Reflection Iothod”". the radiant energy emitted
from a so0lid surface is traced through two reflections, and the
oenergy romaining after the second reflection is distridbuted to
the solid surfaces in proportion to their view factors, as if
they were black bodies. The amount of energy attenuated by the
gas for each ray is the difference between the energy initially

emitted or reflected and that which is transmitted through the



52

gas to s solid surface.

lebsorbed ™ Tinitial ~ Ttransmitted

For a roeal gas, absorption only occurs within discrete
wavelengths. Therefore the fractiom of emergy from a solid
surfaco attenuated by successive reflections is decreased for
each reflection since there is less radiant energy lying within
the wavelength region where absorption occurs. For this reason
the gas absorbs aslmost no radiation after the second reflection
since all the radiant energy within the absorption band has been
absorbed previously, i.e. the gas becomes ossentially
transparent after only two reflections. Also after two
roflections, a large percentage of the radiant energy initially
emitted has boeen absorbed by the gas or solid surfaces. For
thoese reasons, the energy remaining after two reflections is
distributed between the solid su:i;cos as if they were black
bodies. This is of course, an ap}roxination. but the remaining
energy is so small that small errors in its dist:ibut%on can be

neglected.

Current VWork =

There is no difference botween the Refleoction Method model
discussed above for radiation from solids and that used ia the
present model. It may be noted that if some of the radiation
woere specularly reflected from s curved surface, there would be

a difforent distribution of radiation due to the focusing effect
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of the curved surface. This would require a different set of
view faotors for reflected radiation for the balanoce to be
exact. However, in the present work only diffusive radiation is

considered.

4.1.3 The Absorption of Radiation Originating from the Gas
P Yo -

For radiation emitted by the gas, the path of emitted energy
is traced through only two reflection because of the high
absorptivity of a real gas for its own ’‘banded’ radiastion (as
discussed in Sectionm 2.4). After the second reflection, the
energy initially emitted has been largely absorbed by the gas
and solid surfaces, and the romaining onergy is assumed to be

completely absorbed by the gas during its next passage.

Corrent Work-
The same mothod for the absorption of radiation originating
from the gas was used in the present work. Desoription of the

gas emissivity, absorptivity, and transmissivity of the gas for

its own radiation are discussed in Sections 4.4 and 4.5.

4.1.4 Dorjvation of Fguations for Distribution of Radiation
Originsting from the Solid Bed

In this section, the equations are derived for descridbing
the distribution of radiation originating from the solid bed for
an enclosure containing two solid surfaces (wall and solid bed)

and gas. The radiation is traced through two complete
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reflections. The number of radiation paths leaving (and view
factors for) a surface is determined by the number of surfaces
the surface can ’'see’. The view factors for reflected radiation
assume that the radiation has been diffusely reflected.

The radiation from the solid bed can only ’see’ (be
intercepted by) the wall, and its view factor, F". the
fraction of radiation emitted by the bed which is ’seen’ by the
wall, is equal to 1. The radiation reflected from any area of
the wall can see other areas of the wall as well as the solid
bed, so that two view factors are required to describe the
reflected radiation from the wall. The fraction of radiation
from the wall intercepted by itself is defined as F". and the
fraction of radiation from the wall intercepted by the solid bed
is defined as F'.. In the equations listed in Section 4.2 and
the actual computer program (see Appendix E), the terms
involving F" are included. Hove‘er in the following
description, the F" terms are omitted in order to simplify
the description. These F" terms are similar in form to the
terms involving F" and are shown in Fig. 4.1.4-1.,

The basic law of radiation states that the rate at which
rad;ltion is emitted from the solid bed surface in the kilm is
given by the following equation:

Qso = cA.esT'4.
where the sigma is the Stefan-Boltzmannm constant, As is the
area of the solid bed, ¢ is the emissivity of the solid bed
surface, and Ts is its temperature. When this radiation, Qso'
passes through the kiln gas with absorptivity

a = 1=t

gl gl’
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where t'l is the gas transmissivity for the solid radiation,

the rate of absorption is cle"Q.o (where 0‘1 is equal to

the absorptivity by the gas from the first passage of solid
radiation through the gas). VWVhen the transmitted radiation hits
the wall, the fraction absorbed is a and the fraction
reflected is Pye ©OF l-c'. Thus the rate of absorption by
the wall is

GW1l = c'tllF.'Q.o

and the rate of reflection is

p't'IF.'Q.o.

WVhen the reflected radiation again traverses the kiln gas

space, the fraction transmitted to the solid bed is

t"p'F"F"Q‘o.

Therefore the fraction absorbed in this gas path is

SG2a = p'F"F.'Q.o(t"-t'x).

1' is greater than ts because some of the radiation
3 1

frequencios which are absorbed by azo and CO2 have been partially
absorbed in the first gas path. After traversing the gas, the
rsdiation again hits the go0ljid bed surface, and is absorbed at
the rate

882 = c.p't.’F"F.'Q.o

and 1is reflected (to the wall) at the rate

p'p't"F"F"F"Q.o.

Very little of this twice reflected radiation is absorbed by

the next gas path,

8G4 = (¢t -t )p . p F"F'.F.'Q.o.

8, [ 39 8w

becsuse the gas has absorbed nearly all of the solid radiation
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which overlaps the reasl gas spectrum. The rate at which the
twice reflected radiation is transmitted through the gas is,

F F__F _Q

p 4
w'g, sW wWs sw s0

sP

and the fraction absorbed when it collides again with the wall
is

SW4 = a pp T F F F Q@ ,
ws'wg, sw ws sv so

For the small remaining fraction (reflected from the wall to
the solid bed) the gas is considered to be clear (ta‘ = 1) and the
remainder, that is all of the remaining thrice reflected
radiation rate is considered to be completely absorbed (a.=1)
by the next solid surface (solid bed) collision,

§§5 = p'p'p'ts'F'.F.'F"F"Q‘o.

The overall radiation balance for the solid bed may bde
stated as

Q = Q

so emitted absorbed’

That is, the rate of energy tldil{Od from the solid bded, Qso'
is equal to the sum of the absorﬁtion terms including those
considered above involving F". Stated as an equation:

Qso = st + Qsa + st

where Q" includes the energy absorbed by the wall from the
initial ray and from its subsequent two reflections from either

the bed or from the wall, including the terms involving F".

Q'B includes three terms corresponding to the three gas passes

of the original ray before it is completely absorbed. st
includes two absorption terms, one from the first reflection
from the wall to the solid, and the other from a second

reflection ray which at first had s wall=-to-wall reflection.
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4.1.5 Egustions for the Distribution of Radistion Originating

from Wa an zom Fla

The radiation originating from the wall of the kiln is
treated very similar to the way that the solid bed was treated,
with similar absorption terms and radiation balance. The
listing of these equations are shown in Section 4.2. The
luminous character of the flame is due to its content of solid
particles (soot and ash) which radiate and absorb radiation 1like
any other solid surface. Therefore the flame, also, is treated
in this model as s solid surface, with radiative characteristics
similar to those of the solid bed or kilan wall., As will bdbe
discussed later in Section 4.3, special provision is made for
the partially transparent nature of the flame. Otherwise, the
treatment of absorption terms and of the radiation balance 1is

similar to that discussed for radiation originating from the

solid bved.
4.1.6 Dorivation of EBguations for Digtribytjon of Radiation
0 ing from Ga

A similar description of the terms required to describe the
radiation balance for radiation originating from the gas 1is
given below and listed in Fig. 4.1.6-1, Fewer terms are
required to determine the distribution of radiation from the gas
to the enclosure due to the high absorptivity of the gas for its
own radiation, a'a. The energy romaining after two reflections
of the radiation emitted by the gas is absorbed essentially

entirely by the gas. The gas radiates to both the solid bed and
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Figure 4.1.6-1, Gas Radiation Drawing w/o Flame
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wall. For simplification, only the terms desoribing the energy
radiated to the solid bed will be discussed below., The terms
involving the wall asre similar in form to those involving the
solid bed are are shown in Section 4.2,
The rate at which radiation is emitted from the gas in the
kila, ng' is given by the equation:
4

= A T »
Qo = 98,4, T,

whoere the sigma is the Stefan-Boltzmann constant, A! is the
total perimeter area of the enclosure, 88 is the emissivity of
the gas, and T! is its temperature. VWhen this radiation,

ng. strikes tho solid bed, the rate of absorption is

GS1 = c'Fs‘Qso.

The fraction reflected is Py OF l-a‘. Thus the rate of
reflection from the solid bed and starting towards the wall is

pspsvpgsqgo'

When the reflected radiation traverses the kiln gas space, a
large fraction of the gas rtdiat{;n is absorbed by the gas, due
to the high absorptivity of a real gas for its own radiation.
The transmissivity of the gas for its own radiation is given by:

' = 1-=g’ .
< 8 1-a s

The fraction transmitted to the wall is

(4
T ‘p‘F.'F.'Q‘O.

therefore the fraction absorbed in this path by the gas is

661 = (1-t' )p F F Q.

After traversing the gas, the radiation intercepts the wall

surface, and is absorbed at the rate

GVW3 = c'p't"F"Fs'Q'o
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and is reflected (from the wall) at the rate
GG4b = p'p‘t'BF"Q‘o.

All of this twice reflected radiation is assumed to be absorbed
by the path through the gas due the high absorptivity of the gas
for its own radiation. The remaining radiation after two
reflections is smaller, and an approximate szseocounting for this
remaining radiation will not affect the results signifieantly.
Similar adsorption terms can be written for the gas radiation
which strikes the kiln wall first. The radiation balance
equations of the gas for an enclosure with two surfaces is

described by Gorog‘ and is similar to the radiation balance

for the gas shown in Section 4.2,

4.2 Dorivation of Fquations for Net Heat Transfer
Pre us Work -

As illustrated in Sections 4.1.1 through 4.1.6 for the
simplified (no flame) case, the method estimates how the
radiated oneorgy, Qi in Bqn. 4.1-1, is distributed to the gas
and the surfaces (including itself) in the enclosure as a
function of the surface and gas temperatures, areas,
emissivitios and absorptivities, and geometrical relationships

(view factors) in the emclosure.

The heat absorbed by a surface i may be summarized by

Q) sbsorbed Q. + j=1,2 ¥ (Ba. 4.2-1)
(Total heat (heat absorbed (heat absorbed by
absorbed by = by surface 1 + surface i from

surface 1) from the gas) other surfaces J]
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The net radiant heat change for a surface (or the gas), AQ{‘

is the difference between heat omitted and heat absorbed:

gained or lost = Qenitted - Qabsorbed
Therefore,

AQi =Q, - (Q

i Q

These relationships are shown in Fig. 4.2-1 for the radiation
from the so0lid bed, wall, gas, and flame.

Applying Eq. 4.2-4 to Gorog's model, which contained only
two surfaces (wall and solid bed), the gas, and no flame,
results in the following equations:

AQ‘ = Q' - (Q.' + Q" + Qs.)

AQ =@ - (@ + Q.+ Q)

A - »
Q' Q (le + Q +Q )

8 v 88

where the subscripts s,w, and g represent solid, wall, and gas
respectively. An absorption term such as Q'. represents the
radiation absorbed by the solid bed (s) from radiation
originating from the wall (w). As illustrated in Section 4.1.1
snd Section 4.1.3 each asbsorption term in these equations is
determined by tracing the emission from each surface through two
reflections. Each term Qij is the energy originally emitted
by surface i which is absorbed by surface j and is defined by
the sum of

(1) the fraction of radiation initially emitted from surface i
which is absorbed by surface j during two reflections, and

(2) the fractions of the remaining reflection after two
reflections which is assumed by the model to be absordbed bdy

surface j.
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Figure 4.2-1, Crossection of kiln with Overall Neat Transfer
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The term Q is the energy originally emitted by surface i

is
which is absorbed by the gas and is defined by the sum of (1)
the fraction initially emitted from surface i which is absorbded
by the gas, and (2) the fraction of the originating ray's
reflections which are absorbed by the gas. The resulting set of
equations defines the radiation balance for the kila. The

determination of these terms is discussed further in

Section 4.1.

Cnrrent Work -
The kiln model as presented by Gorog is modified in the

present work by dividing Gorog’s single section kiln into s
number of 1.5 foot long sections and by the addition of the
flame as a third surface in the flame region. For each 1.5 foot
long section in the gas region downstream of the flame, the
radiation balance developed by Gorog for 2 surfaces and a gas is
used. The noeglect of axial radistion and end effects is shown
later in Section 4.3 to result ii 8 tolerable error. A further
modification of Gorog’'s model was to treat the kiln gases as a
real gas (see Section 4.4). Each 1.5 foot long section of the
kiln is treat?d as s separate radiation enclosure with uniform
(but not equal) temperatures Ti in the wall, gas, and solids.

The addition of the flame surface as a third surface in the
flame region complicates the radiation balance. For each 1.5
foot long section of the flame region, the net radiation

absorbed or emitted is determined by the following equations:
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AQ. = Q. - (Q" + Q'. + Q‘. + Qf')
AQ' - Q' - (st * q" + Qg' + va)
AQs = Q‘ - (Q" + Q'B + QBB + Qf')
AQ, = Qf - (Q.f + Q

f we ¥ Qe * Q)
It is seen that the addition of the flame surface added a

fourth equation, as well as an additional term in each of the
equations.

The radiation balance could be extended, if necessary, to
consider more surfaces, such as the end surfaces of the kiln.
The treatment would be similar to that indicated for the added
flame surface. For each added solid surface, there would be the
sdded complication that its presence would affect each of the
other absorption terms such as st‘ Radiation originating
from surface w may be reflected from the added surface before
boing absorbed by surface s. Therefore, the presence of the
sdded surface would affect the values of Q

The complete radiation reflection diagrams and the

associated equations are shown in Figs. 4.2-2, 4.2-3, 4.2-4,
4.2-5, and 4.2-6 for the radistion emitted by the solid bed,
wall, flame, and gas. Figure 4.2-6 presents a print of
functions from the portion of the spreadsheet program which
caslculates the heat transfer in a zone of the kila. As
indiocated in the figures, the presence of the additional flame

surface compliocates the radiation balance considerabdly.
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4.3 The Effect of Neglecting Axial Radiation and Pnd Effects
Previons Work -

Two simplifying assumptions used in the Resistive Network
radiation model as presented by Gorog and Brimacombe which have
been included in the present model are important to note: (1)
The effects of axial radiation are neglected, and (2) the
offects of radiation from the end surfaces of the kiln have been
neglected. These simplifications are made to avoid
calculational difficulties associated with including these
effects when the kiln is divided into sections as is dome in
Resistive Network Method, and in the present work. The Zone
method also divides the kiln into sections, but gemnerally
considers both of these effects.

The second simplification is considered to be reasonable
because the surface areas of the ends of most kilans are small
compared to the areas of the wall and solid bed, and are
reported to not contribute significantly to the overall heat
transfer in the kiln"'. Inclndin; the kiln ends in the model
would principally affect heat transfer in the first and last
zones of the kilan., The effect can be crudely thought of as
increasing the wall surface area in those zones.

Axial radiation refers to the effect of radiation from the
gas and surfaces in one section radiating to the gas and
surfaces in other sections of the kiln. Consideration of this
effect is omitted in the present work. The effect of this
omission has been studied by Gorog for a 3000!/I flame

temperature gradient and is reported to result in at most a 20%
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error. for the cases they considered. This neglect of axial
radiation effect is reasonable if the temperature gradient
between sections is not large, because the radiation gained from
adjacent sections largely compensates for the axial radiation
lost from a given section to adjacent sections inm the kilan. The
effects of axial radiation have been shown to be negligible for
distances beyond 3/4 of a kiln din-otot‘. The radiation from
thoe gas has a high absorptivity for its oin radiation, and axial
radiation from the gas is quickly reabsorbed by the gas in the
same section. The beam length for gas radiation used in the
present calculations is approximately 1/2 the kiln diameter (see
Section 4.4) which also limits the effect of axial radiation
from the gas.

Both of these effects would tend to increase the gas
temperature and lower the flame temperature in the flame region
of the kiln. These effects are 1{3: important in the downstreanm
gas roegion of the kiln due to thq relatively smaller temperature
gradient between sections in the gas region and the larger

distance from the front end of the kiln.

Current Work -

The effect of radiation from an end of the kiln to its
adjacent section could be treated in the model by including the
end of the kiln as a fourth surface in the balance. However,
considering axial radiation would significantly increase the
calculational difficulty involved in determining the temperature

profile of the kiln, requiring an additional trial and error
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process using assumed temperatures for the adjacent sections of
the kiln. An additional set of view factors would have to be
calculated for each of the adjacent sections considered. (If
axial radiation from only the immediately adjascent sections were
considered, one additional set of view factors would be
required). In view of the considerable added computational
difficulties from including the effects of end surface and axial
radiation, and cited information that neglecting these effects
would provide only marginal improvement in the results, it was

decided to neglect these effects in the present study.

4.4 Radiation Model of the Flame
Previous Work -

As discussed earlier (Section 3.2 and 3.3), an accurate
prediction of the flame behavior must be based on the
experimental measurement of the effects of factors such as flame
temporature, flamo length, flame emissivity, flame shape, eotc.
Such modeling based on detailed experimental data has been done
by Jonkins‘ and Iohn:on.. Where data are not available, the
flame emissivity is treated as a gray or black body of constant
emissivity and the shape of the flame is treated as an axial

]
symmoetric cylinder of a constant diameter or as a cone with

[
»

4
diameter incroeasing with axial distance from the burner .

Cnrrent -
The Reflection Method can in theory be applied to as many

surfaces as needed to model an enclosure, however, the number of
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equations required increases greatly with each increase in the
number of surfaces. The addition of the flame to the radiation
balance as a third solid surface doubles the number of equations
to represent the emissions, reflections, and absorption of
radiant energy required to predict the radiant heat transfer in
the flame region. The flame was modeled as a solid surface
which approximated a semi-transparent medium such as the gas.
Gorog‘ presented the radiative balance with only two surfaces
(the kiln wall and solid bed) and the gas. The presence of a
flame is an important factor in a heat transfer model due to its
high temperature and high emissivity as compared to the gas, and
significantly increases the heat transferred to the solid bed
and wall of the kiln. Without a flame much less heat is
transferred. This treatment results in an entirely different
temperature profile of the flame region. The effect of this
treatment is described further in the discussion of the results.

In the present calculations, the flame is modeled as an
axial cylinder of constant dia-ogor. The flame surface is
different from the gray solid surfaces of the solid bed and wall
because some of the radiation is transmitted through the flame,
and essentially no radiation is reflected. The flame is treated
as a black body of reduced crossectional area. The reduced area
core of the flame is treated as a solid black body (which does
not reflect radiation) and radiation transmission can take place
through the additional gas volume made available by the
reduction of flame diameter. This reduction of flame area is

made in such a way that the product of the black body emissivity
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(e=1) times the reduced area is equal to the original emissivity
times the unreduced area. This treatment of the flame is an
innovation of this study and has not been discussed previously
in the literature. This relationship causes the original ares
and emissivity of the flame to be changed to a new ‘effective’
ares (A'f) and enmissivity (c'f-l) in the equation for
radiant heat from the flame to another surface (s) in the kiln
becomes
4

F T

=oAp e, F, T,

Qe->s
=0 A', ¢ , F 4
Qe->s AR B TR .

The relative view factors from the flame to the other surfaces

T

do not change because of the axial symmetry of the flame.

The reduced ares of the flame causes a reduction of the
operative view factors (F'.g) for the surface to the flame
which determines the fraction of radiation emitted by the
surface which is seen by the flan{. This reduction compensates
for the energy that would have been transmitted through the
flamo if it were a gray (translucent) body. The radiation for a
kiln surface (s) radiating to the flame (f) is given by the
equation:

4

= o A_ e F' T
s

qn-)f s sf s

Troating the emitting flame as a black body of reduced area
is equivalent to considering it as a gray body with its actual
sarea. The result is less absorption and emission by the flame,
as if it were a gray body. This treatment greatly simplifies
the calculation of the radiation balance. Treating the flame as

a gray body would doudble the number of equations required to
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calculate the flame radistion absorbed by the gas and surfaces
in the kiln. The additional equations would account for
radiation which passed through the flame. The mathematical
details of this treatment of the flame are described in

Appendizx C.

4.5 BEmissivity Char eristic t Gs
Previ Yo -

The freeboard gases common to a direct-fired rotary kiln
operation are composed mainly of COZ-HZO mixtures in nitrogen
resulting from the combustion of hydrocarbons fuels and moisture
from the solid bed and air. These gases emit and absord
radiation in discrete frequency bands. The absorptivity and
emissivity of the gas need not be equal or constant (as they are
considered in the Resistive Method) and are functions of the gas
temperature, composition, and beam length (the gas is not s gray
body). Absorptivity is also a function of the wavelength
distribution of the incident rtdiation and thus of the emitting
surface temperature.

.The mean beam length, Lm' is an approximate representation
of the geometry of an isothermal gas volume. Physically, the
mean beam length is the radius of an equivalent gas hemisphere
which radiates a flux to the center of its base equal to the
average flux radiasted to the area of interest by the actual
volume of gas. The emissivity of a gas is generally modeled as a
gray gas or gray/clear gas. For a gray gas model, the

emissivity is equal to the absorptivity of the gas, and it is
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not considered to be a function of the temperature of the
solids, the gas composition, or the gas temperature. The
resistive network method is limited to this type of treatment of
the gas onissivlty'.. The error introduced by this
spproximation may be greaster than 20%, deponding on the
reflectivity of the surrounding solids (Goroz)‘.

The ‘gray/clear’ gas model, initially proposed by Hottel and
Cohen‘,. attempts to model a real gas more closely. Hottel
and Snrofin“ suggest that gas radiation can be represented as
the weightod sum of a sufficient number of gray and clear gas
components to approximate the banded characteristics of a real
gas. The accuracy of this model increases with the number of
gray or clear components used. The model is generally developed
for a combustion gas of a fixed composition which is equimolar
in CO2 and 320. However, additionsal water is introduced
during the kiln operation due to t}o presence of moisture from
the solid bed and water in the a{r (humidity). This variation
of moisture concentration during kiln operation reduces the
sccuracy of the gray/clear gas model.

'In Hottel's lothodt‘. the absorptivities of water vapor
and CO2 sare ostimated by the following formula respectively:

'll
anzo = 3320 (T'/T.)

Tl.(anTs/T‘)

L6
acoz a cCOZ (T'/Ts)
Tc.(pLETs/Ts)

and,
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[ ]
The formulas for a‘ has been used by Johnson’ with the
exponent of 0.5 to provide an spproximate value for absorptivity

of combustion product gases.

Current Work - EBmissivity of ng gnd nzg

In the present work the gas emissivity of COz and water
was calculated using Hottel's dnta‘. for emissivity. Hottel's
dats wore regressed using s least squares method which enabled
omissivity of any partial pressure of CO2 and 320 to be
calculated for a wide range of temperatures and beam lengths.
The data regroession was carried out using the computer program
listed in Appendix G. The nvera;J beam length, L-, of the gas
used in the present work was calculated using the following
formula:

L, = [a/(4(2)**))D(1-FD)

L. = 0,55D(1-FD)
where F ia equal to the depth of fill, and D is the kiln
dismeter, ft. The beam length used, L-. is corrected for the
fi11l rttio‘. F/D. The factor 0.55D is based on the geometrical
average chord length from a point to any other point on a circle
of diameter D. This factor considers the beamlength for an
infinitely thin kiln section volume. The beam length for a kilna

volume of kiln length equal to the kiln dismeter has a value of
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0.6 and is defined by the equation
L- = 0.9(4V/A)
where V is the volume, A is the bounding surface area, and 0.9
is a correction factor to correct for finite optical thickness.

The relative partial pressures of CO2 and nzo. throughout
the kiln were assumed to be the same as the gas exiting the
kiln. This assumption is thought to be reasonable because the
water in the solid bed of the kiln is likely to be evaporated in
the first few feet. For a co-current kilan, the gas composition
does not change appreciably further down the kiln, only the
temperature changes significantly.

The objective of the gas database is to predict the gas
emissivity at s specific gas partial pressure, P, for CO2 and
320 and specific gas beamlength, Ln’ within a range of gas
temperatures (SOO.R to 4000.3) and PL' (0.2 to 5 ftAtm). The
emissivity of 320 and CO2 are calculated separately and then,
using Hottel'’'s equations (discussed above), the emissivity and
absorptivity of the gas mixture are calculated.

The first step is to regress Hottel’'s gas emissivity data
for'320 to determine gas emissivity as function of PLn at
500°R increments of temperatures between SOO.R and 4000°R.

This results in 8 sets of constants, omne set for each
temperature, which can be used to estimate the gas emissivity at
a specific an‘ These 8 values (at a specific PL.) sre then
regressed to determine gas emissivity as a function of gas
temperature,

A similar procedure is used to determine the gas emissivity



83
of CO2 ss 8 function of temperature at a specific PLn‘ At
this point, Hottel’s equations are then used to calculate first
the gas mixture emissivity and secondl; the gas mixture
absorptivity as a function of the surface radiating
temperature. This procedure is outlined in further detail
below:
(1) In a separate program listed in Appendix G, the emissivity
data from Hottel were tabulated for each temperature in the
temperature range of interest (500°R to 4000°R) for partial
pressure times beam lengths (an) of 0.2 to 5 (ft—-atm.).
(2) These data were then regressed by a least squares method to
give emissivity as a function of pL. for the different
temperatures tabulated (i.e. 500, 1000, ..., 4000°R). For each
temperature, the regression method calculates the emissivity
with a three teram quadratic equation fit of the form:

as = A+B(an)+C(pL‘)2

An example of this regression procedure is shown in Table 4.5-1
for 500°R. This regression prooedure resulted in a matrix of
constants (Table 4.5-2) which were then used in the heat
transfer program to generate a set of emissivity values (Table
4.5-3) for the tabulated temperatures (500, 1000, ..., 4000°R)
at s specific an value caslculated for the geometry of the
kiln modeled.
(3) The set of emissivity values for a specific pL. at the
tabulated temperatures was then regressed a second time by the

least squares method to yield a three term quadratic equation



Table 4.5-1. Least-Squared Regression Table for H20 and CO2 for

ﬁmissivity at Constant Temperature Versus P®L

Comparison of Estimated Valuss vs Actusl Values

b X=PeL T = S00 R ° b
T, R YsEMg FT*ATM X2 x*3 X4 XY X~y N X=P*Lm Emg celc Emg act Regression Constents
H20
500 0.19 0.2 0.04 0.008 0.0016 0.038 0.0076 1 0.2 0.221 0.19 a = 0.193360
0.23 0.3 0.09 0.027 0.0081 0.069 0.0207 1 0.3 0.234 0.23 b = 0.140591
0.25 0.4 0.6 0.064 0.0256 0.1 0.04 1 0.4 0.247 0.25 c = -0.01491
0.29 0.6 0.36 0.216 0.1296 0.174 0.1044 1 0.6 0.212 0.29
0.31 0.8 0.66 0.512 0.4096 0.248 0.1984 1 0.8 0.296 0.31 A= -0.01491
0.33 1 1 1 1 0.33 0.33 1 1 0.319 0.33 B = 0.066708
0.38 1.5 2.25  3.375 5.0625 0.57  0.855 1 1.5 0.37 0.38 C = 4.954584
0.41 H 4 8 16 0.82 1.64 1 2 0.415 0.41 D = 0.23927
0.46 3 9 27 81 1.38 4.14 1 3 0.481 0.46 E = -3.07878
0.53 S 25 125 . 625 2.65 13.25 1 S 0.524 0.53
3.38 14.8  42.54 165.202 728.637 6.379 20.5861 10
Y X x#2 x83 X84 XY xey N
co2
S00 0.108 0.2 0.04 0.008 0.0016 0.0216 0.00432 1 0.2 0.121 0.108 e = 0.113014
0.12 0.3 0.09 0.027 0.0031 0.036 0.0108 1 0.3 0.124 0.12 b = 0.038437
0.13 0.4 0.16 0.064 0.0256 0.052 0.0208 1 0.4 0.128 0.13 c = -0.00432
0.14 0.6 0.36 0.216 0.1296 0.084 0.0504 1 0.6 0.135 0.14
0.15 0.8 0.64 0.512 0.4096 0.12 0.0% 1 0.8 0.141 0.15 A = -0.00432
0.152 1 1 1 1 0.152 0.152 1 1 0.147 0.152 8 = 0.017004
0.165 1.5 .25 3.375 5.0625 0.2475 0.37125 1 1.5 0.161 0.165 C = 4£.954584
0.17 H 4 8 16 0.34 0.68 1 H 0.173 0.17 D = 0.126333
0.18 3 9 27 81 0.54 1.62 1 3 0.189 0.18 E = -3.07878
0.2 S 25 125 625 1 S 1 S 0.197 0.2
1.515 14.8 42.54 165.202 728.637 2.5931 8.00557 10
Y X x82 x83 X84 xv xXeey N

s EMg = @ ¢ b*(P*L) + c*(P*L)*(P"L)
b Emissivity Dsta from Hottel end Sarofrim



Table 4.5-2. Least-Squared Reduction Constants for H20 and CO2

Emissivity at Constant Temperature vs P®*L

a
Degrees Emissivity Regression Constants
Rankine a b c

H20 Constants

500 0.193360 0.140591 -0.01491

750 0.150427 0.146890 -0.01723
1000 0.136173 0.144277 -0.01638
1500 0.109983 0.139809 -0.01478
2000 0.082221 0.129614 -0.01381
2500 0.057915 0.116838 -0.01258
3000 0.044245 0.099847 -0.01027
3500 0.034452 0.083375 -0.00838
4000 0.024206 0.074278 -0.00771

C02 Constants

500 0.113014 0.038437 -0.00432
1000 0.085994 0.045063 -0.00570
1500 0.097287 0.047224 -0.00544
2000 0.094390 0.059833 -0.00743
2500 0.077821 0.060663 -0.00717
3000 0.061488 0.056025 -0.00637
3500 0.049351 0.045795 -0.00480
4000 0.039099 0.036061 -0.00344
4500 0.072831 0.140905 -0.04336

a EMg = a + b¥(P*L) + c*(P¥L)*(P*L)



86

shown in Table 4.5-3 which now calculated the emissivity for a

specific pL. as a function of temperature:

0, = a+b(Tree(T)?
Table 4.5-4 shows a comparison of emissivity values calculated
by this method with Hottel'’s data.
(4) The correction factor required to compensate for the overlap
of the CO2 and nzo radiation spectra was calculated as a
function of pL. for an average temperature of 1000.(
and mole fraction ratio of CO2 to 320 = 0,35. Typically the
CO2 partial pressure is sbout 0.12 atmospheres as dotermined
from the overall kiln heat and mass balance gas composition.
The temperature and gas composition were chosen as values
characteristic of typical operation for this kiln. The uae of s
single average temperature and mole fractiom ratio for
calculating the correction factor Cso is considered reasonable
in light of the small emissivity correction (1% to 7%) that is
involved. Agsin, s least squares regroession method was used to

calculate a function for the correction factor, C'o, of the

form:
2
C'° A+B(pL-)+C(pL.)

The table used to generate the equation for the correction
factor is shown in Table 4.5-5 and listed in Appendix G. The
program could be used to generate new values for the constants,
A, B, and C for different average temperatures and cozlnzo

ratios. The cozlnzo ratios are calculated baased on the



Table 4.5-3o

Least-Squared Reduction Table for Emissivity at

.Constant P*L vs Temperature

[] Comperison of Estimated Values vs Actual Values:
Y=bMg b .
(lm=5) XeT, R YelMg XeT b ord X*3 X*4 xY X2y N XoT Emg celc Emg act Regression Constants
H20
0.52¢ S00 0.5 500 250000 1.3E+08 6.2E+10 261.7587 130879.3 1 S00  0.502 0.524 a = 0.5414497507
0.454 750  0.454 750 562500 £.2E+08 3.2E+11 340.4708 255353.1 1 750 0.400 0.454 b = -0.000078845
0.448 1000  0.448 1000 1000000 1.0E+09 1.0E+12 447.9210 447921.0 1 1000  0.461 0.4408 c = -0.000000001
0.439 1500 0.439 1500 2250000 3.4E+09 S.1E+12 659.0545 988581.8 1 1500 0.419 0.439
0.385 2000  0.385 2000 4000000 8.0E+09 1.6E+13 770.0440 1540038. 1 2000 0.377 0.385 A = -0.000000001
0.327 2500 0.327 2500 6250000 1.6E+10 3.9E+13 818.7107 2046776. 1 2500 0.334 0.327 8 = -0.000086220
0.207 3000 0.207 3000 9000000 2.7E+10 B8.1E+13 859.6425 2578927. 1 3000 0.290 0.207 C= 4400
0.242 3500 0.242 3500 12250000 4.3E+10 1.SE*14 046.4041 2962414, 1 3500 0.245  0.242 D = 0.5472110973
0.203 4000 0.203 4000 16000000 6.4E+10 2.6E+14 810.4573 3241829. i 4000 0.199 0.203 Ee -3437500
3.308 18750 51562500 1.6E+11 S.SE+14 5814.464 14192772 9
CoR
0.197 S00  0.197 S00 250000 1.3€+08 6.2E+10 98.52694 £9263.47 1 S00 0.193 0.197 Oc T <2500 R 2300< T <4000 R
0.169 1000 0.169 1000 1000000 1.0E+09 1.0E+12 168.5753 168575.3 | 1000 0.180  0.169
0.197 1500 0.197 1500 2250000 3.4E+09 S.1E+12 295.7766 443464.9 | 1500 0.186 0.197 A = 0.000000038 A = -0.000000005
0.208 2000 0.200 2000 4000000 O8.0E+09 1.6E+13 £15.1764 830352.9 1 2000 0.21 0.200 8 = 0.000012042 8 = -0.000046021
2500 0.202 0.202 Ce 2500 C= 6500
0.770 S000 7500000 1.3E+10 2.2E+13 978.0554 1491856. 4 3000 0.182 0.182 D = 0.17754745¢4 D = 0.310403269
3500 0.159  0.158 E=  -1250000 E =  -10250000
4000 0.133 0.133
0.202 2500 0.202 2500 6250000 1.6E+10 3.9E+13 504.6909 1261727, 1 e = 0.226150349 e = 0.2618517062
0.182 3000 0.182 3000 9000000 2.7E+10 8.1E+13 546.9544 1640863. 1 b = -0.00008516 b = -0.000010108
0.158 3500 0.158 3500 12250000 4.3E¢10 1.5E*14 553.9544 1938840. 1 < = 0.000000038 c = -0.000000005
0.133 4000 0.133 4000 16000000 6.4E+10 2.6E+14 S32.7577 2131031. 1
0.676 13000 43500000 1.SE+11 5.3E+14 2138.357 6972462. )

L]
b

Velues from first regression; EMg = @ + b*(PL) * c*(PL)*(PL)
EMg = & ¢ bo(T) ¢ e*(T)*(T)



Table 405_40

Actual vs Estimated Emissivity

PeL  ACTUAL ESTIMATE DELATA ACTUAL ESTIMATE DELTA ACTUAL ESTIMATE DELATA ACTUAL ESTIMATE DELATA ACTUAL ESTIMATE DELATA ACTUAL ESTIMATE DELTA ACTUAL ESTIMATE DELATA ACTUAL ESTIMATE DELATA
FTeATA TEMPERATURE = 3500 TEMPERATLRE = 730 TEMPERATURE = 1000 TEMPERATURE = 1500 TEMPERATURE = 2500 TEMPERATURE =« 3000 TEMPERATURE = 3300 TEMPERATURE = 4000
H20
0.2 0.9 0.210 -10.5% 0.15 0.189 -26.2% 0.1) 0.170 -30.6% O0.115 0.133 =-17.4% 0.065 0.08% -25.1% 0.05 0.063 -25.0% 0.039 0.049 -25.8% 0.03 0.049 «36.4%
0.3 0.2 0.224 2.7% 0.185 0.203 -9.7% 0.175 0.18) «4.7% 0.14 0.148 «5.6% 0.088 0.092 -5.0x 0.07 0.072 -3.4%x 0.033 0.037 -8.3% 0.042 0.048 -13.n
0.4 0.25 0.2y S.1% 0.20%5 0.216 «5.5% 0.19 0.196 =3.4% 0.165 0.161 2.7% 0.105 0.103 1.6% 0.083 0.082 1.2% 0.067 0.066 2.2% 0.053 0.054 -1.9%
0.6 0.29 0.263 9.3% 0.25 0.242 3.2% 0.2)8 0.222 5.6% 0.2 0.18% 7.6% 0.13 0.124 4.4% 0.108 0.10% 6.9% 0.088 0.081 7.6% 0.07 0.066 5.0%
0.8 0.31 0.288 7.2% 0.27% 0.266 3.2% 0.26 0.246 $5.4% 0.2 0.208 9.6% 0.133 0.144 7.0% 0.125 0.118 S.4% 0.105 0.096 8.2% 0.085 0.078 7.8%
1 0.3y 0.1 5.8% 0.3 0.289 3.5% 0.28 0.269 4.0 0.235 0.2)0 8.0% 0.17 0.163 4.0 0.14 0.133 3.5% 0.195 0.1 3.6% 0.098 0.090 8.4%
1.5 0.38 0.363 4.4% 0.34 0.342 -0.4% 0.325 0.320 1.5% 0.293 0.200 $.2% 0.21 0.206 1.8% 0.177 0.17) 2.0% 0.13 0.143 4.5% 0.12 0.116 3.6%
2 0.41 0.408 0.6 0.36 0.386 «7.1% 0.33 0.364 -4.0% 0.32 0.322 -0.6% 0.2 0.243 -5.7% 0.2 0.206 -3.2% 0.16 0.7 -7.1% 0.14 0.138 1.3%
3 0.46 0.472 -2.5% 0.42 0.450 -7.1% 0.4 0.428 -6.9% 0.38 0.384 -1.1% 0.29 0.298 -2.8% 0.24 0.2%6 «6.6% 0.2 0.214 «7.0% 0.17 0.17) -1.5%
S 0.53 0.502 5.4% 0.46 0.481 -4.6% 0.455 0.461 -3.3% 0.445 0.419 5.8% 0.33 0.3 -1.2% 0.29 0.29 0.1% 0.245 0.245 0.0% 0.205 0.199 2.8%
AVERAGE % ERROR 5.3% 7.1% 6.8% 6.4% S.9% S. 7% 7.4% 8.2%
€02
0.2 0.108 0.118 =9.3% 0.0835 0.102 -20.3% 0.095 0.099 -4.3% 0.0935 0.109 =-14.3% 0.08 0.090 -12.0% 0.064 0.073 -13.5% 0.052 0.058 =-11.8% 0.04 0.046 -15.6%
0.3 0.12 0.122 =1.4% 0.095 0.106 -11.6% 0.108 0.104 4.0% 0.108 0.114 -5.6% 0.09 0.093% -3.9% 0.074 0.078 -5.1% 0.06 0.06) -4.3% 0.048 0.0%0 -3.4%
0.4 0.13 0.12% 3.6% 0.105 0.110 -4.9% 0.12 0.108 9.8% 0.12 0.119 0.4% 0.1 0.101 -0.9% 0.083 0.083 0.1% 0.067 0.067 0.2% 0.053 0.0%3 0.0%
0.6 0.14 0.932 $.5% 0.115 0.118 -2.4% 0.127 0.117 7.9%x 0.13 0.1 0.1% 0.119 0.112 6.1% 0.096 0.09) 3.5% 0.079 0.07% 4.7% 0.062 0.0%9 4.1%
0.8 0.15 0.139 7.4% 0.125 0.123 1% 0.135  0.128 7.3% 0.145 0.140 3.7% 0.128 0.122 4.0% 0.108 0.102 5.6% 0.087 0.083 4.4% 0.069 0.066 4.9%
1 0.152 0.143 4.6% 0.132 0.132 3% 0.1435 0.13) 8.4% 0.155 0.149 4.0 0.138 0.1 4.7% 0.119 0.111 7.0% 0.094 0.091 3.4% 0.076 0.072 5.8%
1.5 0.165 0.1%9 3.6% 0.142 0.147 -3.2% 0.16 0.150 6.2% 0.17 0.169 0.4% 0.158 0.15) 3.2% 0.133 0.1 1.9% 0.1% 0.108 1.9% 0.088 0.08% 3. x
2 0.17 0.1 -0.4% 0.152 0.139 -4.6% 0.17 0.164 3.4%  0.18 0.186 =3.5% 0.168 0.171 -1.6% 0.148 0.147 0.6% 0.12 0.12) -2.2% 0.097 0.097 =0.1%
3 0.18 o0.187 -4.0% 0.162 0.176 -8.8% 0.18 0.18) -1.9% 0.2 0.209 -4.35% 0.185 0.196 -5.7% 0.163 0.1 -35.0% 0.138 0.145 -4.8% 0.11 0.116 -5.4%
S 0.2 0.19 3.4% 0.17% 0.180 -5.2% 0.2 o0.186 7.1% 0.21 o0.211 -0.6% 0.205 0.202 1.4% 0.185 0.182 1.7% 0.16 0.1%9 0.8% 0.135 0.13) 1.5%
AVERAGE % ERROR 4.3% 6.2% 6.0% 3.7% 5.0% 5.7% 7.%% 8.2%

(ACTUAL EMISSIVITY DATA FROM HOTTEL AND SAROFRIM)



Table 4.5-5.

CO02 and H20 Emissivity Overlap Correction Factor

Regression Table

Comparison of Estimated Values vs Actual Valuas:

e
Y-Cso. X=PL X2 X3 X*4 XY x~2y N X=PL Cso c:.lt:h Cso act Regression Constants
0.016 0.10 0.01 0.00 0.00 0.00 0.00 1.00 0.10 0.02 0.02 a= 0.0122
0.030 0.25 0.06 0.02 0.00 0.01 0.00 1.00 0.75 0.05 0.05 be 0.0660
0.052 0.75 0.56 0.42 0.32 0.04 0.03 1.00 1.00 0.06 0.06 cse -0.0193
0.059 1.00 1.00 1.00 1.00 0.06 0.06 1.00 1.50 0.07 0.07
0.065 1.50 2.25 3.38 5.06 0.10 0.15 1.00 2.00 0.07 0.07 As -0.02
0.068 2.00 4.00 8.00 16.00 0.14 a7 1.00 B 0.03
C= 2.05
0.290 5.60 7.89 12.81 22.38  0.34 0.51 6.00 0s 0.02
Y X X2 X83 X84 Xy xs2y N E= -0.60

s GAS PARTIAL PRESSURE RATIO OF Pco2/(PH20+PC02) = .35

GAS TEMPERATURE = 1000 R

Data from Hottel and Sarofrim

b Cso = a + b*(P*Lm) + c*(Pim)*(Plm)
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results from the overall heat and mass balance gas composition
for the kilan. A procedure similar to that used to calculate the
emissivity (i.e., by regressing data) could have been used.
However it was felt that the small gain in accuracy did not
justify the additional computational effort.

(5) The emissivity of the gas mixture was determined as
specified by Hottel'’s equations by adding the separately
calculated emissivity values for COz and nzo and applying
the correction factor, C‘o.

(6) The absorptivity of the gas mixture was determined as
specified by Hottel’s equations by adding the separately
calculated absorptivity values for 002 snd 320 snd applying
the correction factor, C‘o.

This regression method of estimating the gas emissivity has
not been treated in the literature. This approach was also
undertaken in part becasuse the indirect-fired kilan model
required the calculation of the e;ittivity of the inner shell
gas which contained water but no'Coz. The literature
calculations of emissivity have been made only for combustion

gases, which included CO The emissivities of CO2 and

2°
320 could have been calculated separately also by using a
gray/clear gas model. The emissivity and absorptivity of the
kiln gas could then be calculated as suggested by Hottel. This
would require knowledge of the weighting factors for CO2 and
nzo. (See Section 4.5). The method for determining these

factors had not been found during the model development bdut

later was found reported in the thesis of T.R.
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Johnlon". See Appoendix G for the program listing of the gas

dats base.

4.6 Transmigsivit the Gas f 1 v

Introduction- The transmissivity of thoe gas for its own
radiation is much lower than the absorption of radiation from a
solid through the gas. The gas emission and absorption is
characterized by two sharp peaks or bands in the infrared
spectrum, while the black body or gray body radiation is
continuous over the spectrum of interest. The absorption by the
gas for gray or black body radistion will occur only within the
bands or pesks in the gas spectrum, and therefore will result in
lower values of gas absorptivity (and gas emissivity) than a
black body.  However the gas asbsorptivity for its own radiation
is relatively high because the characteristic peaked radiation
wavelength spoctrum emitted by the gas is also the wavelength

spectrum absorbed by the gas.

P ions Yo -

The moethod aa presented by Goro;‘ usos the weighting
factors and absorption coefficients for the gray/clear gas
nodelI to characterize the weighted average transmissivity of
the gas for its own radiation, t‘., as shown in the following

equation:

' = - 2K, (e KiPlpy) / ¥
2 2K (e ;'11



Bach weighting factor, 8, represents the fraction of black
body energy in the emitting/absorbing wavenumber region

associated with the absorption coefficient K The term p

1
represents the combined partial pressures of CO2 and 320.

and L- is the average beam length of the gas in the

enclosure. The equation has a similar form to that used to
estimate the gray/clear gas emissivity. In the emission case,
the weighting factors (.i) refer to the ratio of the energy
emission in the emitting wave number region of the gas to the
total black body emission, and the denominator is the total
black body emission which is defined equal to 1. However in
this case, the denominator of the equation represents the total
gas energy emission obtained by summing of the weighting factors
(li) times the absorption coefficients (!i). The numerator

is the total gas energy transmitted through the gas and is equal
to the summation of the product of '1‘1 times the

transmissivity (e-‘ile) for each kl’ The strong

absorption of the gas for its own radiation is inherently
treated in the Zone Method heat transfer analysis in the use of
the gray/clear gas model weighting factors and absorption
coefficients. However, the gas transmissivity for its own
radiation is not discussed in studies which used the Resistive

Network Method.

Current Work -

The present study does not use a gray/clear gas model to

evaluate the transmissivity of the gas for its own radiation.



Rather this transmissivity (t") is determined (estimated) by a
separate radiation balance (incorporated in the program) from
the special case when the temperatures of the gas and all the
surfaces are the same. In this situation, the heat flow from
the gas to the solid surfaces can be equated to the heat flow
from these surfaces to the gas so that the net gas-surface
radiant heng exchange for each gas—-surface pair is zero. The
algebraic equations expressing this balance can be solved for
the unknown transmissivity value of the gas for its own
radiation when the other parameters affecting the heat balance
(such as surface reflectivities, transmissivity of the gas for
black body radiation, view factors, etc.) are specified.

The value of t's calculated in this way can then be unsed
in constructing heat balances for the usual cases where the
solid surface temperatures do not equal the gas temperature.
This approach is valid because the value of t'l is a function
only of the gas temperature and cJ-pooition and is independent
of the surface temperatures.

Consider the simplified case of a single surface enclosure
(kiln wall) with a participating gas (see Fig. 4.6-1). 1If the
tenferatnre of the wall and gas are equal, the system is at
steady state, and the energy emitted from the wall and absorbed
by the gas must be equal to the energy emitted by the gas and

absorbed by the wall. That is
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Figure 4.6-1, Radiation Drawing for Single Surface Enclosure

with a Participating Gas



or from Fig. 4.6-1,

where Q'B;' Q"’. and Q'l, are terme representing radiation

from the wall absorbed by the gag, and Q and Q are terms
gw gw

b 3
representing radiation from the s to t wall. The wall terms are,
Q's = ((l-ts,) + p'(fst-ta.) + (ts, T ,))s'A'Q'

and for the gas,

QS' = (1+t' P )u'csAsgs

4
The term Q' and Q‘ are the surface and gas emittance (oT ),

p_ is the surface reflectivity, a; the surface absorptivity, s

v 8

is the gas emissivity, and tsx. ts,.

transmissivities (for black body radiation) for beam lengths

and t‘, are the gas

corresponding to the original ray, and its first and second
reflections, respectively.
Noting that:
1. L=ty for a gray body,
2. T =T 80 ¢_ = ¢

8 v v 8

3. A = A, and therefore, ¢ A ¢ = a A ¢
w g ww w wgg'’

, and finally,

4. Noting the approximation for a real gas that 'l = 1-18,,

Equating Q'B = Q". and canceling equivalent terms:



3
(l-ts,) + p'(ts,-ts,) +p (ts,—ts,) = (1+t"P')c

= + g f'
s g g
- ]

=1 Tt + Pt T

Solving the expression for 1'8:

r" = ((fz;-fs,) + p'(ts,-ts,))/as Eq. 4.6-1
It may be seen that Eq. 4.6-1 includes a small term
involving the s0lid wall surface reflectivity, Py With s
higher Py’ the reflections of the original radiation emitted
by the wall would be stronger and permit more wall radiation to
be absorbed by the gas. Because the radiation from the gas to
the wall must equal the radiation from the wall to the gas where
both are at the same temperature, the mathematical result using
the Reflection Method is that t" must increase to compensate
for the larger fraction of reflected gas radiation which strikes
the wall. (Incorporating a larger number of reflection terms in
this balance does not cancel the presence of the p term.)
Q

The heat balance equations for Q and Qf! were copied

sg’ wg'
and edited in the program for calculating t'a so that the
temperature of the solid, wall, and flame used in these
equations was that of the gas. (See Fig. 4.6-2), The
solid-to—-gas equations represent the net heat absorbed by the
gas from radiation originating from the solids. The
gas-to-solids equations (Qs., QSV' and Q'f) represent the

net heat absorbed by the solids from the radiation originating



sg 1 -(1-TRggl)*EMs*As -0.0835
2 -(TRggl-TRgg2)*Fswhpw*EMs*As -0.0026

3 -(TRgg2-TRgg3 ) *Fww*FswApwipw*EMs*As -0.0002

4 -(TRgg2-TRgg3) *Fws*FswipstpwrEMs*Ag -0.0001
-0.0864

wg 1 -(1-TRggl)*EMw*Aw -0.3175
2 -(TRggl-TRgg2) *Fwwi*pw*EMw*Aw -0.0077

3 - (TRgg2-TRgg3) *Fww* Fuw*pwApwAEMvtAW -0.0007

4 - (TRgg2-TRggl) *Fws*FswipstpwrEMvtAwW -0.0003

5 -(TRgg2-TRgg3) *Fvs*FwwipsipwrENvtAw -0.0002

6 -(TRggl-TRgg2) *Fws*ps*EMwtAw -0.0026
-0.3290

fg 1 -(1-TRggl)*EMf*Af -0.1546
2 -(TRggl-TRgg2) *ps*FLs*EMf*Af -0.0016

3 -(TRgg2-TRggl) *ps*pw*Ffs*Fsw*EME*AL -0.0002

4 -(TRggl-TRgg2) *pw*FEw*EME*Af -0.0056

5 -(TRgg2-TRgg3) *pwhps*FEwtFws*EMEXAS -0.0002

6 -(TRgg2-TRgg3) *pwipwrFfvtFwwrEMf*Af -0.0005

-0.1627

TRgll = (-(Tfg+Twg+Tsg)- EMg* (Af+ABw*Aw+ABs*As))
/ (EMg* (pw*Aw* ( Fwf+ABw*Fww+ABs*Fws)+ps*As* (Fsf+ABw*Fsw)))

- 0.2599
TRgsll = (-tsg-ABS*EMg*As)/(ABs*pw*Fws*EMg*Aw)
- 0.2601

TRgwll = (-twg-ABWw*EMg*Aw)/((pw*Fww*Aw+ps*Fsw*As)*ABw*EMg)
- 0.2599

TRgfll = (-tfg-Af*EMg)/((pw*Fwf*Awtps*Fsf*As)*EMg)
- 0.2599

Figure 4.6-2. Calculation of Gas Transmissivity for Its Own

Radiation
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from the gas. The value of the transmissivity of the gas for
its own radiation, t" is the only parameter in this

balance which has not been specified in this coplied set of
equations. These equations are solved numerically for this
value, v". The value of t‘s obtained in this manner

is slightly higher than the value derived by the gray/clear gas
method, and accounts for the radiation reflected by the

enclosure surface.

4.7 Flame Emissgivity
Previons Work -

Luminous radistion from flames occurs mainly as a result of
the radiation from suspended solid particles. These particles,
usually carbon, heavy hydrocarbon compounds, or ash (as in coal
flames) emit significant amounts of radiation through a
continuous spectrum extending into the visible range. The
particles of carbon or heavy hydrocarbon compounds are termed
soot, and result from thermal decomposition of fuel under oxygen
deficient conditions.

" The prediction of flame radistion characteristics is a
complex problem on which much research work is currently being
done". The emissivity of a luminous flame could be predicted
satisfactorily provided one knew:

1. the distribution of soot withian the flame, and

2. the optical properties of the soot inm the flame.

However these properties have been measured only for a fevw

particular flames different from that in the kiln used to test



this model. These quantities have not been calculated from
theoretical considerations, but have been estimated from
experimental measurements. Absorption coefficients appear to
depend strongly on the chemical composition of the soot, but
there is no way of knowing what these values will be at any
point in the flame (Iohn:on)". The general theoretical
prediction of flame characteristics is difficult because it
involves the simultaneous characterization of turbulent fluid
flow, the kinetics of the fuel burning reaction and the kinetics
of the burnout of soot formed in flames, taking into sccount the
heat and mass transfer problems involved. Each of these
phenomena is affected by particular kiln operating conditions
such as burner configuration, kiln configuration, firing rate,
fuel type, and excess air usage.

Characterization of a flame has therefore been limited to
particular flames for specific operating conditions where
experimental measurements have been made. Only a few detailed
experimental studies of industrial type flames have been found
in the literature (Ienkins’.. Iohnson.‘. 'eber‘.. Falliot‘l).
This is in part due to the inherent complexity of such studies.

In the absence of expoerimental data, the flame is commonly
modeled in the literature (Brinaco-be’) as a gray or black
body. With the use of the gray flame model, heat transfer
estimates sufficiently accurate for most practical purposes have
been made. The emissivity of a gray flame is dependent on the
type of fuel combusted (related to the average molecular weight

of the fuel) and, to some extent on the firing rate, burner
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configuration, flame diameter, and amount of air in and around
the burner. Gas flames have a low emissivity in the range of
0.4 to 0.6. Coal flames have a high emissivity in the range of

0.9 to 1.0, in part due to the ash present in coal'.

Current Work -

An alternative to the gray body treatment to determine the
flame emissivity is to estimate the optical properties and
distribution of soot in the flame based on empirical data from
other flames. However such data are scarce and of questionable
applicability to the modeled flame. Due to the high emissivity
of oil and coal flames (.8 to 1.0), the error introduced by
treating the flame as a gray body is relatively small
(Brinaconbo).. Therefore in view of the absence of reliable
;xporimental data, and the relatively small error introduced,
the flame is treated in the present model as (a modified black
body which is equivalent to) a gray body with an emissivity of
0.8 which is in the range of fuel oil flames of 0.8 to 1.0

] ’4
suggested by Brimacombe and Thring .
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5.0 CONVECTIVE AND CONDUCTIVE HEAT TRANSFER
Previons Work -

Convection and conduction usually account for 10% to 30% of
the heat transferred in a rotary kiln (Brimacombe, Johnson,
Jenkins, 'eber‘.. Folliot‘t). Values of heat transfer
coefficients are reported by several asuthors in the literature
Brimacombe, 'atkin:on". Tscheng and 'atkinson". snd Kreith"

among others.

Cnrrent Work -

Values of heat transfer coefficients (HTC) cited in the program
were those reported by Brimacombe and 'atkinson". The
coefficient values are variables which are input in the progranm.

An alternative would have been to use equations cited by the
sbove authors to estimate the HTC values. However these
equations are approximate, and sufficient data to apply them are
not ly.iiyble in all cases.

?he convective heat transferred from the gas to the solid
bed snd wall sccounts for 5% to 10% of the heat transferred to

the wall and bed. The value for convective HTC from the gas to

47
the wgll is based on Eq. 5.0-1 (Tscheng and Watkinson)
b 0.036(k /D)Re " P " (/°-** Bq 5.0-1
cvgw = 0 36 Kg Re . q 5.
where

Ka = gas thermal conductivity W/m K
Re = Reynolds number = pVD/yu
where p = gas density

V = gas velocity



172 -
D = kiln dismeter, m
p = viscosity, kg/m s
Pr = Prandl number = cpu/x
where, Cp = heat capacity of the gas
K = thermal conductivity of the gas, W/m

D = kiln diameter, =

L = kiln length, =
The value obtained from this HTC varied from 3 to § BTU/ft2 F
in the results published by Tscheng and 'ltklnson"

The value for convective HTC from the gas to the solid bed
is the least well known of all the heat transfer coefficients.
No verified eqnation’ has been found in the literature to
calculate the value. The equation cited by Brimacombe is
B =o0.46

cvgs [
where G'B = gas mass flux l;/n’hr
So again, the values reported by Btlnaoonbe’ of 8 to 16
BTU/ftzF woere used. Variations i; the convective heat
tran;fer coefficient will not significantly affect the overall
heat transfer due to the small contribution from heat
transferred by convection (5 to 10%).

.The HTC between the wall and solid bed considers the heat
transferred by conduction inside the kiln from the wall section
covered by the solid bed to the solid bed. The following
equation is cited by Tscheng and 'atkinson" for conductive
heat transfer:

h

3 )
cdws” 11.6 Ks/DYL (URI YL/30 k‘)
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where,

K = go0lid thermal conductivity W/m K
k = solids thermal diffusivity, n’/s
= g0l1id bed half angle

D = kiln dismeter, m

R = inner kiln radius, m

w = rev/s
The value using this equation was not calculated for soil and
again Brimacombe'’'s estimate was used. The reported range of the
value for limestone is 8 to 16 BTU/ftzF.

The suggoested ranges from these literature references for
the HTC values are considered acceptable because of the small
effect convection and conduction heat transfer have in a rotary
kiln. The program sllows for the input of more reliadble HTC

values when they become available.

5.1 Shell Heat Loss

Shell heat loss and conduction of heat through the wall is
sccounted for in the model. The rate at which heat is conducted
through the wall is equal to the rate at which heat is lost from
the outer shell by convection and radistion. (See Fig. S5.1-1).
The thermal conductivity values for the refractory materials
used in the kiln modeled are a variables input to the progranm
and are used to calculate the rate of heat conduction through
the wall of the kiln by the following equation:

q = hchS(Tw -T,.)

cond sh
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whero h_, '(1/2323)/((r2-r1)/(u!I(r1+ri))+(r3-t2)/(ﬂ!2(r2+r3)))
where,
hcd = conductive heat transfer coefficient, '/nzx
As = grea of socénd liy‘r of ref::cfory. '2
T' = temperature of inier wall surface, K
T.h = temperature of‘onter shell surface, K
r, = ianer kiln radini. i
r, = kiln radius for first layer of refractory, =
T, = kiln radius for second layer of refractory, =
T, " kiln radius for outer shell thickness, =

K, = thermal conductivity of refractory layer or shell, W n/n2K

The value for the shell coavection coefficient was taken
3
from the range suggested by Brimacombe of 3 to § BTUIftz.
The equation by Brimacombe is:

bovsh = (K, Pr."lb)(c)(ke)N'

where C = 0,193 for Re values of 4,000 to 40,000, and
N = 0.618
D = outer kiln diameter, m
l. = thermal conductivity of air W/a K
Pt = Prandl number
Re = Reynolds number
This equation is similar to the equation cited in Perry Sth
edition‘. for convective heat transfer in tube bundles:

BD/k = a(Re) S(Pe)**"®
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wheroe the constant a is determined by the tibe bundle
configuration and the amount of leakage air normal to the tube
bundle.

The value for the emissivity of the outer shell was also
taken from Brimacombe, and was verified using the temperature
dependent equation cited by Ienkins’.. The rate of heat loss
from the shell is dependent on the outer shell temperature which
in turn is related to the heat losses from the kila interior by
convection, radiation, and conduction. The determination of the
outer wall temperature becomes a trial and error procedure in
the program. The shell temperature could also be determined
directly by the solution of a fourth order equation (if the
inner wall temperature and K-values are specified). This shell

heat balance is represented by Eqn. S5.1-1:

9%0nd * Ycoav ' Yrad Bq. 3.1-1
substituting,
hcd(rv-rsh) = hcvsh(Tsh-Ta) ¥ hrad(rsh-rtnb)
4 4
hrnd LY (Tlh T. )/('1"h - T.)
where, hod is the conductive HTC for the wall, hcvsh is the

convective HTC for the outer shell, h:ad is the linearized
radisative HTC for the outer shell, and
T'h = ghell temperature, Kk
T. = gmbient air temperature, Kk
T' s inner wall surface temperature, K
c = Boltzmann constant, w/n2 &

€en ° shell emissivity

Solving for the shell temperature using Bq. 5.1-1,
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s (h A3T Ashhcvshra+Ash tadra)/(h A +Ashhcvnh A:hhrad))
Note that hrnd is a function of Tsh’ and s trial and error
solution of Tsh is required. Beginning with an initial estimated
shell temperature, the program predicts a new value for the
temperature of the shell which is closer to the correct value.
The new temperature is then used in the program to predict a
still closer approximation to the correct value. This process
is repeated until the value converges to the final correct
temperature. This is a simple and rapidly converging
iteration. Usually a satisfactory temperature is found after

only a few iterations.
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6.0 DEVELOPMENT OF A COMPUTER PROGRAM FOR THE DIRECT-FIRED KILN

MODEL
Corront Work -

In the forgoing chapters, the main elements of a theoretical
model for heat transfer in a direct-fired kiln are discussed,
including a number of modifications and improvements to the
basic Reflection Method as presented by Gorog‘. In this
chapter it is indicated how all of these elements are combined
in an overall heat transfer model for the operation of a
direct—-fired kiln. A computer program was written in the LOTUS
1-2-3 worksheet language for carrying out the model calculations
on a8 PC computer. The program listing is included in
Appendix B.

The program calculates the heat transfer in the kiln for any
selected set of temperatures in each section of the kilan. At
steady state, the heat entering an leaving each section must
balance. Radiant heat transfer among the kiln wall, hot gases,
and the solid bed is the predominant mode of heat transfer, but
the program also takes into account convective and conductive
heat transfer within the kiln and out through the kila wall.
Heat generation by combustion of the fuel in the flame region is
also accounted for. From the direction of imbalance calculated
by the program on the basis of the initial set of temperatures
selected by the user, the direction of adjustment of
temperatures is indicated for the next set of trial

tempoeratures. This process is repeated (usually requiring a few
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dozen trial iterations) until the final temperature profile for
a kiln section produces a satisfactory overall heat balance.

(If this program were to be used repeatedly, then the iterstive
process could be simplified by the use of circular reference
equations for the temperature inputs in the spreadsheet. A
circular reference in an equation in LOTUS 1-2-3 is noted on the
bottom of the screen with a high-lighted message, CIRC, and
denotes that an equation, A, which references a second equation
B, is referenced in equation B. For example,

A = +B, and

B = +A+(Limit-Value)®*factor,
where A is the input and B predicts the nezt value of A based on
the difference between a desired 1imit and a resulting value
(wvhich is a function of the input A) times a scaling factor.
This allowance of circular references in LOTUS 1-2-3 is very
useful for trisl and error solutions. A circular referemce is
allowed only in the manual calculation mode. This circular
calculation procedure would automatically estimate the new trial
temperatures by (manually) recalculating the worksheet until the
final temperatures are obtained within a section. Different
sots of circular equations would be required for the flame
rogion and the downstream gas region.)

The program is set-up primarily to provide equations and
calculational procedures to determine all of the heat transfer
phenomena which take place within a single kiln section. This
involves specifying parameters such as kiln geometry, feed

rates, initial temperatures, fuel firing rates, etc.. It also
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involves tracking the enthalpy of the gas and solid bed from one
kiln section to the next. Tracking these enthalpies and
corresponding temperatures is a large part of the effort of
using the progranm.

The intent of the LOTUS 1-2-3 program as written was not to
develop the most efficient computer program for carrying out the
calculations and iterations imnvolved, but rather to demonstrate
how a number of modifications and improving features could be
incorporated in a computer program to model a rotary kila. The
inteat of this chapter is to describe the calculational
procedure and method involved. The program was written using
the LOTUS 1-2-3 language becaunse it is a good language allowing
the user to see all of the interrelationships iavolved ia the
model. This kilan heat transfer model is the first which has
been reported on a PC computer.

A faster language such as Fortran or even BASIC would be
better suited for repeoated use of the program to calculate the
temperature profile without user assistance. Several hours may
be required to compute the temperature profile in a kiln using
the. LOTUS 1-2-3 program as developed, where as in Fortran it 1is
estimatod that the same task could be completed in several
minutes. The program development work dome in LOTUS 1-2-3 could
be unsed to write and structure a Fortran program using the flow

diagram shown in Fig. 6.0-1.

6.1 Radiation Balance
The Reflection Method as originally developed by Snccec" is

basicslly a set of simple slgebraic equations which represent
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the various emissions, absorptions, and reflections involved in
calculating the radiation balance using the surface and gas
properties and geometrical factors (view factors) required to
model the kiln. (See Table 4.2-6 for list of equations in the
radiation balance). The work by Gorog‘ outlines the general
application of the method to a rotary kiln in which gas
radiation without a flame is the principal source of heat.
Gorog treated the gas as a gray/clear gas and the wall and solid
bed as gray bodies. This treatment was modified in the present
model to include,

(1) the effect of the flame as a radiating and absordbing bdody,

(2) the effect the re—entrainment of gases in the flame region,

(3) the effect of conductive and convective heat transfer, and

(4) the effect of using gas emissivity based on experimental
data.

These modifications provide a more. complete model of heat

transfer in a direct-fired rotary kiln.

For a given set of kiln operating conditions, the modified
radiation balance, using the Reflection Method, will determine
the.telperatnre profile of the gas and surfaces within the
enclosure. The selection of the set of gas and surface
temperatures which allows the radiation balance to be satisfied
depends on the overall heat balance, including the addition of
combustion heat and heat transfers by convection and conduction
(Bq. 6.1-1) and any further constraints, such as steady state
operation, imposed on the system by the inmer kilm balance

(Bq. 6.1-2)



Overall Balance

+ Q = H + B + Q

air comb gas solids shell loss (Eq. 6.1-1)

Inner Balance

Q Q + Q + Q

flame gas solids (Eq. 6.1-2)

wall
where H is the enthalpy and Q is the heat gained or lost. Also
the temperature distribution of the surfaces in the enclosure is
such that at steady state the rate of energy gained is equal to
the rate of energy lost for each surface in the enclosure.
Steady state constraints for the solid bed and gas, wall, and

flame are discussed below in Sections 6.1.1, 6.1.2, and 6.1.3.

6.1.1 erature Convergence Criteria for the Sol Bed and Gas
There are two ways in which the temperature of the solid or
gas can be calculated to estimate the temperatures within any
section of the kiln and how it affects the temperature to be
used in the next section:
(1) The gas or solid temperature can be specified as the inlet
‘temperature and the resulting final temperature determined
by the heat absorbed by the gas or solid at the specified
inlet temperatures in that section of the kiln can be used
as the temperature in the next section, or
(2) The temperature of the solid or gas in the section can be
specified such that the heat absorbed by the gas or solid
bed is sufficient to raise the gas or solid bed from the

inlet temperatures to the specified temperature of the gas

or solid.
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The heat transfer is different depending on whether the heat is

transferred to a hot or cold body. The latter method is thought

to be better represent the actual situation, recognizing that
either method is approximate. The program references the value
of the heat transferred to the solid bed or gas and calculates
how much the temperature of the solid bed or gas would increase
or decrease. The 'average’ temperature of the solid bed or gas
is determined when the temperature input matches the resulting
temperature of the solid bed or gas calculated by the program.

The s01id bed and gas will enter a given section at an initial

temperature, absorb or lose heat, and exit at a different final

temperature. In the first method, the inlet temperatures maybe

much different than the actual gas and solid temperatures in a

given section, and thus can result in unreasonably high heat

transfer. The latter method is a type of average of the initial
and final temperatures as calculated by the first method. The
later method is preferred for the following reasons:

(1) The gas and s0l1id bed heat up very rapidly, and the use of
the entering temperatures in the first section result in
‘unreasonably high gas and solid bed temperatures.

(2) The solid bed is gonerally modeled as a well mixed bed
(Briltconbo’) even though it absordbs heat through the outer
surface of the bed which is thought to be hotter thamn the
inner portion of the bed ('atkinaon)". That is, the bed
material acts as an insulator, which allows the surface of
the bed to heat uvp more rapidly than the interior. Thus,

the use of an ‘average' temperature higher than the entering
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temperature models the physical behavior more closely than

an initial or final temperature would.

6.1.2 Wall Balance

The assumption of steady state operation requires that the
temperature for a given point in the system remains constant.
From this constraint, the net rate at which the wall absorbds
heat must equal the rate heat is conducted through the wall and
lost to the ambient surroundings by convection and radiation
(see Fig. 5.1-1). The heat lost from the shell is included in
the wall balance. In this manner, the temperature of the wall
is determined when the heat balance for the wall is zero. That
is, the net heat to the wall from inside the kiln minus the heat

lost through the wall to the outside is zero.

6.1.3 Flame Balance

Considering next the flame region in a rotary kila, the rate
at which the flame loses heat to the surrounding gas and
enclosure surfaces is balanced by the net fuel combustion heat
release rate in the flame. The temperature of the flame in any
section is determined by the basic condition that the rate of
heat entering that section is equal to the rate of heat leaving
that section., The heat leaving is the net heat transferred from
the flame to the surrounding gas, solid bed, and wall. The heat
entering is the heat of combustion minus the heat required to
heat the air and reaction products and unburned air and fuel

components to the temperature of that section of the flame.
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An overall heat and mass balance balance of the flame region
developed by David Pitts of IT Corp.  was modified to be used
as the flame balance ;n the present work. The heat and mass
balance program is listed in Appendix E The present
calculations consider only fuel o0il to be combusted in the
balance, however, different fuel compositions could be treated
bytthe balance. The balance calculates the heat of combustion
for the fuel specified composition and the mass and enthalpy of
the resulting combustion gases. The primary inputs used in the
balance include:

(1) fuel composition,

(2) burner excess air,

(3) flame heat loss,

(4) flame temperature, and

(5) fuel firing rate, 1b/hr.
The enthalpy calculation is referred to a standard temperature
of 60°F. The inputs to the balanée are adjusted until the ’'heat
in’ equals the 'heat out’. In the present work, the temperature
of the flame was adjusted by the iteration process in the
pro;ran to satisfy this condition.

The flame provides all the heat to the system, and the flame
heat loss must include:
(1) the heat transferred to the gas, wall, and the solid bed,
(2) heat required to heat up the entrained air to the

temperature of the flame,
(3) the heat required to compensate for any unburmed fuel or

burner air remaining after the first section. (The fuel and
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air in the burner not combnsted in the first section is
vaporized or heated to the flame temperature of the first
section. The heat required to vaporize the fuel is added to
the heat loss in the first section and credited to the heat
loss calculation for the second section of the flame region
balance), and .

(4) the heat lqsg from ;he kila shell. (This is equal to the
heat absorbed by the inmner ;all).

The flame heat 1loss is a formula in the program which sums up

these above heat losses. The '’'correct’’ flame temperature

T is determined when:

f1

(1) the heat lost by the flame is equal to the heat released in
that section of the flame, and

(2) the tenperatu;e of the gas, wall, and solid bed are such

that the heat lost by the flame equals the heat gained by

the solid bed, wall, and gas.

6.2 Co-current and Conntercurrent Kiln ion

In industrial practice, the principal interest in developing
a heat transfer model is to calculate the temperature profile of
the solid bed and the exit temperature of the gas for a given
length kiln, or to estimate the length of the kiln required to
obtain some exit temperature of the gas and solids. The
temperature profile of the solid bed is in part determined by
whether the kiln solid feed is operated with co-current flow of
the gas, '‘co-current operation’’, or with countercurrent gas

flow, ''countercurrent operation’’. Either mode of operation
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can be treated by the model developed.

If the kiln is operated co-currently, the solid bed is
heated up rapidly by the flame early in its progression thto;;h
the kiln: this operation allows the solid bed to '’'cook’’' at a
high temperature for a longer section of the kila thanm counter
current operation would allow. However the co-current operation
of a kiln is not as efficient in heating the solid bed as a
countercurrent kiln because the temperature difference between
the gas phase and the solid bed decreases rapidly as the solid
bed is heated, resulting in poor heat transfer at the exit end
of the kiln. Ian couantercurreant operation, the temperature
difference boetweon the gas and solid bed is optimized and
allows higher exit temperatures of the solid bed to be obtained
more officiently than with co-current operation. For a given
kiln and firing rate, countercurrent operation will yield a
higher exit temporature of the solids in the kilna.
Alternatively it would allow use of less fuel to meet the same
exit solids temperature, a smaller kiln, or higher through-put
of solids if the gas—to-solids heat transfer is the limiting
factor in the kila.

The operation of a countercurrent kila is controlled
principally by the following variables,

(1) kxiln length,

(2) fuel firing rate,

(3) solid feed rate, and

(4) exit solid bed temperature.

If the first three variables are specified, the exit solid bed
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temperature (T.!) is calculated by a trial and error process.
An initial Tsx is assumed and the program calculates the inlet
solid bed temperature (Tsi)' It T:i does not match the known

T tl;o'!."x is adjusted to give a closer match of the

si’
calculated with the known Tci' This process is repeated untlil
the calculated T:i matches the known Tci' In this process, the
temporature profile of the kiln will have been determined. (For
the indirect-fired kiln, which is operated counter—currently,
calculations to estimate the temperature profile are made in the
same way).

For the present calculation, the kiln was operated
co-currently because the experimental data available to verify
the model were taken from a kiln which operated co-currently.
For co-current operation, the exit temperatures of the solid bed
and gas can be calculated directly (without a trial and error

process) for a given kiln geometry., firing rate, and the

entering solid and gas temperatures.

6.3 Calgulation of the Temporatnre Profile im the Flame Region

‘Tho calculation of the temperature profile in the flame
region is strongly influenced by the assumptions made regarding
the recirculation and entrainment of combustion gases. In
section 3.1 and 3.3, reasons are given for subdividing the flame
into two sections and for assuming that twice as much gas is
entrained in the second section as in the first section of the
flame. The ratio of the mass of gas recirculated to the mass of

gas fired through the burner is determined from the Thring and



Newby oorrelation (see Appendix A). For other kilan desigas,
this ratio and the fraction of gases oentrained in each section
are variable inputs in the program.

The gas in the flame region surrounding the flame of the
kiln is heated simultaneously by the thermal convection (mixing)
due to gas recircunlation and by radiation heat tramsfer in the
kiln from the flame and wall. The exact effect of these two
factors on the gas temperature calculation depends upon whether
the mixing or the radiant heat transfer is calculated first. 1If
the flame radiates heat to the gas before it is heated by
mizxing, the mixed gas would be hotter. It was assumed that the
gasoes are first mixed (resulting in a '’mixed gas’'’' temporature)
and then heated by radiant heat transfer from the flame. This
order of calculation maximizes the effect of gas recirculation
on the gas temperature, while the opposite order would maximize
heat transfer by radiation.

The final temperature of the flame and of the gas
surrounding the flame in each section is determined im four
steps:

(1) The first trial temperatures of the gas
surrounding the flame in each section are
initially estimated.

(2) An eanthalpy balance for the section calculates an
HMB (heat and mass balance) temperature based on
the masses and temperatures of gases entering and

exiting it (see Fig.3.1.2-1).
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From this temperature, the g;s is heated further by heat
transfer in the kiln to reach the temperature of the gas
entering the next section.
If the overall balance of the flame region is not satisfied,
these new gas temperatures are adjusted, and the process is

repeated.

For the first section of the gas in the flame region of the
surrounding the fill. the procedure is to:

Estimate the temperature of the gas ng in the second
section and the temperature of the gas 'l“3 recirculated to
the second section. An overall kiln balance for the flame
region is used to provide an estimate of the temperature of
the gases 'l"3 recirculated to the second section taking
into account the sﬁoll heat loss and the solid bed
temperature at the end of the flame region.

Calculate the enthalpy bnl:nc; temperature 'l"1 of the gas
mixture in the first section, and then

Calculate the heat absorbed by the gas from the radiation

balance.

resulting temperature is then used as the T;l temperature

going into the second gas section. (See Fig.3.1.2-1 block

diagram). This procedure is illustrated by the calculational

flow diagram of Fig. 6.0-1.

For the second gas section, the temperature of the gas is

determined by

(1)

calculating the enthalpy balance temperature T'z of the



gas mixture in the second section (the calculated gas
temperature '1"1 from section 1 and the calculated
temporature of the hot recirculated gaseos ‘l‘83 from the end
of the flame region),

(2) oslculating the heat absorbed by the gas from the flame and
wall from the radiation balance using the mixed gas
temporature 'l's2 as the initial temperature.

The resulting calculated gas temporature ng of the second

section is then compared to the tempoerature initislly estimated

in the second section and the temporature of the gases TgS
downstream of the flame recirculated to the second section is
caloculated based on the mass and temporature of 1.2 and sz
oxiting the flame roegion. If the calculated tempoeratures do not
match those initislly estimated, then the procedure is repeated
using the new calculated value for the second gas tempersture

Tsz and the gas temperature ‘l“3 oxiting the flame region is

recalculated using the overall balance for the flame region.

The procedure is repeated until the trial temperatures used

match the previous gas temperatures used. The entire procedure

takos about five iterations of the trial gas temperature
estimated in the second section before the calculated gas

temporatures and previous trial gas temperatures are within a

degroo. This procedure is discussed in further detail in

Appendix B.

Dividing the flame region into more than two sections would
involve a similar procedure, but the calculational time involved

would be considerably more. Two sections for the flame region



are considered suffioient in light of the accuracy of other
parametoers and assumptions used in such models. If one flame
section is used, the (above) procedure calculates the
temperature of the gas in the flame region easily with oanly one
or two iterations of the exit gas temperature leaving the flame
region. The variation in the heat transfer results oaused by
treating the flame region as one or two sections is discussed in

Section 8.0, Results and Discussion.

6.4 n Model wi Flame A v

The case where a flame is not in direct view of the kila
enclosure -may be modeled using the radiation balanoe as
presented by Gorog for gas radiation only, with oomvective and
conductive modes of heat transfer added. This case occurs when
the flame is enolosed or shielded from direct view of the kiln
enclosure by a flame shroud principally to ensure the solid bed
is not '’'burant’’ by direct radiation from the flame. Generally,
the flame shroud/burner assembly is mounted outside of the kiln
and the hot gases are fired into the kiln where heat is supplied
to the kiln by the gas radiation only, without a flame, as in
the gas region of a direct~-fired kiln. The mass balanoe in the
program is used to calculate the gas temperature based on the
available heat released in the gas and the heat lost to the wall
and solid bed, and an enthalpy balance is used (as in the gas
region of the kiln) to determine the gas temperature if heat is
not released. (For the gas region of the direct—-fired kiln,

heat is not released in the gas phase, and the temperature of
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the gas is defined such that the heat lost by the gas lowers the
gas tomporature by the enthalpy difference between the gas
temperature of the last section and the present section). The

procedure to calculate the temperatures for the wall and solid

bed are treated as before.



7.0 INDIRECT-FIRED KILN MODEL AND PROGRAN DEVELOPMENT

Since indirect-fired kilns are used in many industrial
processes, the present heat transfer model has been extended to
provide an approximate treatment of heat transfer in
indirect-fired kilns. No previous heat transfer models of
indirect-fired kilns have been found in the literature.

The configuration of the indirect-fired (IDF) kiln model is
shown in Fig. 7.0-1a (side view) and Fig. 7.0-1b (end view).
The heat transfer model used two separate heat balances (see
Fig. 7.0-2). In the first balance, heat is transferred by
radistion and convection from the burning fuel to the outer wall
of the inner shell., Radiation heat transfer directly from the
flame is neglected. About two thirds of the combustion heat is
carried out by the outer shell exit combustion gas and by
conduction through the outer shell wall for the typical IDF
kiln., In the second heat balance, the heat entering the inner
shell wall at Tvi leaves the inner shell wall st T' and heats
tho_solid bed to T' by radiation, conduction, and coanvection.
Thus the hoeat transferred to the inner shell from the outer gss
is equal to the heat transferred to the solid bed (plus a small
part to the inner gas).

The tomperature gradient through the inner shell wall

(T -T') adjusts so that the amount of heat transferred from the

wi
outer gas to the inner shell at '1"1 is equal to the heat
transferred from the inner wall of the inner shell at T' to the

solid bed and inner shell gas. This amount of heat is also,
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of course, the same as the quantity moving through the ianer
shell under the gradient (T'i-T').

The kiln is divided into uniform longitudinal sections for
each element of which (walls, gases, and solid bed) constant
temperature and surface properties wore assumoed over the length
of each zonme, as with the direct-fired kiln., This treatment
provides a reasonable approximation for a direct-fired kila, bdut
is very approximate for an IDF kilan, because of the large
angular gas temperature gradient that exists in the outer gas
between the bottom and top of the kilan. An IDF kilan is fired at
the bottom between the inmer and outer walls of the kilm, and
heat is transferred to the inner shell as the hot gases rise
sround the sides of the inner shell.

An ostimate of the gas temperature at the bottom may be
based on a heat and mass balance assuming that a typical kiln is
fired with approximately 25% excess air (2600.F for the
adiabatic case). A veandor of IDF kilns" has reported that the
temperature of the outer gas leaving the top of the kila is
gonerally in the range of 1600 to 1800.F. The resulting
temperature gradient between the top and bottom of the kilan thus
is 800 to IOOO.P. The outer gas temperature gradieat results in
a corrosponding inner shell tomperature gradient between the top
and bottom, reported by the kilan veandor to be 200 to SOO.F. To
make more accurate allowance for these temperature gradients,
further subdivision of the axial sections into angular sections
would be required. For this work, it was assumed that heat

transfer from the outer gas to the inner shell could be
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characterized by a single 'average’ temperature of the outer
gas, intermoediate between the top and bottom temperatures. This
intermediate gas temperature in turn was assumed to correspond
to a single intermediate inner wall temperature.

Additionsl vendor infor-atlon“ indicated (1) that, because
of material considerations, the upper practical limit of the
average tempoerature of the shell surface in contact with the
outer gas was approximately 140008, end (2) that the exit
temperature (Tai) of the solid bed ranged up to within 200°F
of the temperature of the inner surface of the inner shell.

The case chosen for modeling was the use of of an IDF kiln
in the thermal treatment of damp soil slightly contaminated with
hazardous organic chemical wastes. Kiln characteristics and
operating parametoers were taken to be those of a commercially
available IDF kiln used primarily for heating dry solids and for
which some operating chatactotist{cs woero available.
Unfortunately a complete set of empirical dats was not
available, and it was not possible to run the model computations
for a realistic set of operating conditions and then compare the
cal;nlatod with the actual results. Thus this model is
unproven, but it is presented here as a logical extension of the
direct-fired model discussod earlier. The kiln parameters and
operating conditions needed for the calculation of the bed
temperature profile were given selected values that appeared
reasonable for thermally treating damp contaminated soil. In
this example, the fuel burning rate in each kiln section was

chosen to yield the same ‘average’ outer gas toemperature (2200
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F) in each section. This required a higher fuel burning rate in
the solid feed end of the kiln and progressively lower rates
toward the bed exit end.

The convergence method used to determine the temperature
profile for the IDF kiln was similar to that used for the gas
region of the direct-fired kiln with the added condition that
the heat transferred to the inner shell from the outer gas
equaled the heat transferred through the inner shell to the
inner gas and solid bed. The temporature of the inner wall of
the inner shell detormined how much heat was transferred to the
inner gas and solid bed. The unique sot of temperatures for a
given section of the kiln was again determined by a trial and
error procedure like that used in the direct-fired kiln. The
heat transfer calculations were performed for an IDF kiln
oporated with an inner gas flow countercurrent to that of the
solid bed. For the reasons discussed in Section 6.7, the
iteration procedure to determine the kilan temperature profile
was started at the exit end of the kiln. The computer program
listing for IDF kiln operation in this mode is givea in
App@ndix F. The rosulting temporature profiles are shown in
Fig. 7.0-3 and Table 7.0-1. These profiles show the following:
(1) The solid bed temperature, T‘. romains constant at 212 F

until its water content has been evaporated. Then the '1‘s

rises at an approximately constant rate to its eoxit

temperature, 1130.F.
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Table 7.0-1, Calculated IDF Kiln Temperature Profiles

SECTION # Two Twi Twi-Tw Tw Tg
1 1540 1081 369 712 696
2 1568 1168 353 815 696
3 1569 1171 352 819 732
4 1570 1175 351 823 781
5 1583 . 1210 345 865 847
6 1633 1337 316 1021 927
7 1680 1439 288 1151 963
8 1717 1514 265 1248 937
9 1746 1568 248 1320 828

10 1766 1603 237 1365 606
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(2) During the drying of the solid bed inm kiln sections 2 to §,

all of the other temperatures (T' » T' and T')

1‘

except the inner shell gas temperature also remain

o

relatively constant, and subsequent kiln sections then rise
monotonically toward their values at the solid exit end of
the kila.

(3) The inner gas, which enters the kiln at the solid exit eand
at low temperature, is heated to a maximum temperature in
section 7, then is cooled by the cooler solid bed as its
water evaporates.

(4) The value of (T'i-T'). which is roughly proportional to
the fuel burning rate, remains constant until the water
content of the solid bed has been vaporized, and then

decreases toward the solid exit end of the kila.

The calculated temperature profiles agree qualitatively with
what might be expected intuitively. However for the
vendor-described kiln as modeled, sufficient heat could not be
transferred to dry the bed and heat it to 1100°F in the assumed
length of kiln without exceeding the vendor-specified limit of
the inner shell toemporature. For the assumed outer gas
temperature of 2200.F. the calculated outer wall temperature of
the inner shell rose above the allowable limit the veador
reported“ (1400°F). reaching 1600°F at section 10. This could
be avoided by lowering the outer gas temperature, but them less
heat would be transferred to the solid bed and it could not bde

heated to the desired 1100°F. A further difficulty encountered
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was that it was necessary in the model to assume unrealistically
high conductive heat transfer from the inner wall of the inner
shell to the solid bed in order to achieve a bed temperature of
1100°F at the exit end of the kilnm for the kiln length used.
The use of dry soil feed would agree better with the vendor
suggested kiln operating characteristics. The model indicates
for damp soils, that either a longer kila or a lower soil feed
rate would be required to reach exit bed temperatures of 1100°F
estimated by the vendor. As mentioned above, empirical
(operating) data from an IDF kiln complete enough to verify the
model and computer program were not found in the literature.
This example shows how the model may be used to determine
the overall shape of the temperature profiles in an IDF kilan and
to predict the effect of changing kiln parameters and operating
conditions. No other model has been described inm the literature

to provide this type of design information for IDF kilas.
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8.0 RESULTS AND DISCUSSION

The results are discussed in four main sections. These are:
(1) verification of the basic heat transfer model, (2) the
modeling of the flame region including recirculation and
entrainment, (3) the derivation of gas emissivities from real

gas data, and (4) the application of the model to an IDF kiln.

8.1 0 11 He T M 1 Veri
The heat transfer model and computer program developed were

verified using datas from the operation of the ERRU

kiln’.. 8 direct-fired kiln used for incinerating soil

contaminated with trace levels of dioxin. The operating data

used for modeling the ERRU kiln are listed in Table 8.1-1 and

include information on:

(1) the physical configuration of the kiln (dimensions,
refractory type and thickness, and shell thickness),

(2) solid bed characteristics including feed rate, % moisture,
heat capacity, and % fill in the kiln,

(3)'fnel (No. 2 fuel o0il) and air feed rates, and

(4) the exit temperatures of the gas and solid bed, and measured
approximate shell temperatures.

(5) the convective and conductive heat transfer coefficient
values

The model predictions of the temperature profiles for the flame,

wall, solid bed, and shell are shown in Fig. 8.1-1 and Table

8.1-2. The computer program listing for these calculations is



Table 8.1-1. Operating Data from ERRU Kiln

LS

Parameter Value

Kiln Diameter, meters 1.32

l

]

-

I
Kiln Length, meters | 4.87
Fire Brick, inches | 4
Fire Brick K-value, Btu/ft2F/in | 5.5
Insulating Brick, inches | 2
Insulating Brick K-value, Btu/ft2F/in | 2

|
Radiation Parameter |
______________________________________ |
Solid Bed Solid Angle, Degrees | 80
Solid Bed Emissivity | 0.8
Wall Emissivity | 0.8
Shell Emissivity | 0.7

I
Conv. & Cond. Heat Transfer Coeficient|
______________________________________ |
Wall to Solid Bed, W/m2K 50
Gas to Solid Bed, W/m2K 50
Gas to Wall, W/m2K 20

|
|
I
Shell to Ambient (conv.), W/m2K | 10
|
|
I

Shell to Ambient (rad.), W/m2K 9
Operating Parameters
...................................... |

Soil Feed Rate, lb/hr | 1335
Soil % H20 | 10.1%
Soil Heat cCapacity, Cp Btu/lbF | 0.26
$ Excess Air | 65.6%
Fuel 0il Firing Rate, 1lb/hr | 178
Solid Bed Exit Temperature, F | 1600
Gas Exit Temperature, F | 1840
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Table 8.1-2.
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Calculated ERRU Direct Fired Kiln Temperature

Profiles

SECTION # T Tg Tw Ts Tsh_

0 60 60 60
1 1920 750 1340 212 260
2 2165 1595 1790 880 315
3 2035 2035 1590 1220 290
4 1955 1630 1440 300
5 1895 1670 1570 300
6 1860 1690 1640 305
7 1830 1700 1680 305
8 1810 1695 1700 305
9 1790 1690 1705 305
10 1780 1685 1710 305
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given in Appendix BE. The model assumoes a two section flame
rogion with the mass of recirculated gas set equal to the mass
fired through the burner, in accordance with the discussion of
recirculation effects given in Section 3.3. For the
experimontal data of the gas and solid bed, only the
temperatures from the exit of the kiln were available for
comparison to the model predictions. Shell temperature data
wore available at several points along the kilan shell.

As shown in Fig. 8.1-1, satisfactory agrooment was obtained
between the calculated and observed shell temperatures and the
exit temporatures of the gas and solid bed. The predicted
temporature profiles indicate the model slightly over-predicts
the heat transferred from the freeboard gases to the solid bed,
roesulting in a higher solid bed temperature and lower exit gas
temperature than those measured for the ERRU kilan. The shell
temperatures are very close to the measured values, particulsrly
in the flame region.

The values of all paramoters used in the heat transfer model
were obtained from the literature or experimental data, and are
listed in Table 8.1-1. Conductive and convective heat transfer
coefficient values from the gas and wall to the solid bed were
selected at the lower end of ranges reported in the literature
to obtain slightly better agreement between actual and predicted

solid bed exit temperatures.

8.2 Heat Transfer Modeling of the Flame Region

The modeling of heat transfer in the flame region was

discussed in Section 3.0. The three-foot flame region of the
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EERU kiln" was modeled first considering the flame region as
one section, and then as two sections. For each case, the heat
transfer was t;eated with and without consideration of
entrainment and recirculation of combustion gases. These heat
transfer results are shown in Table 8.2-1.

The gas temperatures calculated with and without

consideration of recirculated gases are significantly
different. The temperature of the gas surrounding the flame
increases as recirculation increases , while the flame
temperature decreases. Also the lower flame temperature
rosulting from entrainment of gases results in less heat
transfer to the solid bed. The gas temperature calculated for
the one section case was intermediate between the gas section
temperatures calculated for the two section case. Similarly, an
intermediate flame temperature resulted for the single section
case. However, approximatoly the same solid bed temperature sad
gas temperature leaving the flame. region were obtained
rogardless whether one or two sections were used. This result
indicates that the coarseness of kiln zoning did not strongly
affect the heat transfer to the solid bed and the exit
temperatures in the flame region are not stongly sensitive to
segmentation and recirculation in the flame region. Clearly the
two section representation of the flame region is more realistic
since it can show the existence of a temperature gradient im the

flame region.



Table 8.2-1. Results of Calculations im the Flame Region with 1

or 2 Sections and with or without Recirculation of

Combustion gases

Enterin Section 1|Section 2|Flame Region

Case Tested |Surface|Section|Section|{Gas Section Q Qi Qi total

1 2 Temp (Btu/hr) | (Btu/hr) (Btu/hr)

2 Sections TL 2,157 2,550 386,749 584,965 971,714
w/0 Tg 393 938 1,972 }(156,681)|(277,488) (434,169)
Recirculation| Tw 1,545 1,949 (7) (1] (7)
Ts 281 1,213 (211,964) | (283,145) (495,109)

Tsah 286 344 (18,112) (24,338) (42,450)

(15) (6) (21)

2 Sections Tf 1,920 2,168 * 265,739 287,686 553,425
with Tg 750 | 1,594 2,038 | (86,110)] (32,434) (118,544)
Recirculation| Tw 1,339 | 1,790 (6) (68) (74)
Ts 212 877 (164,100){ (234,000) (398,100)

Tsh 260 315 (15,487) | (21,188) (36,675)

36 (4) 32

1 Sections Tf 2,126 765,037
v/ Tg 1,464 1,977 (235,059)
Recirculation| Tw 1,937 177
Ts 1,153 (484,062)

Tsh 332 (46,098)

]

1 Sections TE 2,352 1,168,683
w/0 Tg 1,182 1,928 (563,561)
Recirculation Tw 2,127 (133)
Ts 1,377 (554,022)

Tsh 353 (50,967)

0

134
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8.3 Em Lt]

In the present work the gas emissivity of CO2 and water
was calculated using Hottel's data‘. for emissivity. Hottel's
data were regressoed using a least squares method which enabled
emissivity of any partial pressure of CO2 and nzo to be
calculated for a wide range of temperatures and beam lengths.
The calculated emissivity of the combustion gases is
compared to Hottel’s experimental data‘. in Table 4.5-4 for
various temperatures and beam lengths of interest for CO2 and
nzo. This table indicates good agreement with the data of
Hottel. The data regression was carried out using the computer

program listed in Appendix G.

8.4 Indirect-Fired Kiln Heat Transfer Model

Section 7.0 showed how the present model developed could be
used for an approximate treatment of heat transfer inm an
indirect-fired kiln (IDF). The computer program listing for
these calculations is shown in Appendix G. Since a sufficiently
complete set of experimental dats is not available for
comparison, the predictive value of this model for an IDF kiln
could not be accurately assossed. The model predictions of the
exit bed temperature are somewhat lower than those based on
vendor predictions of the performance of IDF kllns“. The
vendor's predictive model assumes that approximately 1/3 of the
combustion heat is transferred to the solid bed. This
assumption is unduly optimistic for the final stages of heating

the bed. This accounts in part at least for the different
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predictions between thése two models. In spite of the very

approximate nature of @ts modeling, the model was able to

LN

indicate the ways in wﬁich solid bed and gas temperature

profiles would depend ﬁpon kiln parameters and operating
conditions, i ;
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9.0 SUMMARY AND CONCLUSIONS

An improved heat transfer model has been developed for a
direct-fired rotary kiln. The model can be used to verify kiln
design, to optimize operating conditions, to predict the
temperature history of the solids, and to evaluate if local
areas of the kiln will be overheated. The treatment of radiant
heat transfer was based on the Reflection Method developed by
Succec and applied by Gorog, and was extended to account for
radiation from a flame. Some elements of the Resistive Network
Method and Zone Method were incorporated in the model. This
method results in a more straightforward and flexible treatment
of radiant heat transfer than other methods of analysis. The
model also accounts for comnductive and convective heat transfer
within the kiln and heat conducted through the kiln wall and
lost from the outer kiln shell to the ambient surroundings.

The model divides the kiln into a flame region where the
flame is present, plus a downstream gas region. The flame and
gas regions are each subdivided longitudinally ianto kiln
sections of equal length. A new method was devised to model the
grey body emissivity of an axially centered flame of given
area. It was treated as equivalent to a black body of reduced
area. This treatment greatly simplified the calculation of
radiant heat transfer to and from the flame. A method was
devised for calculating the gas transmissivity for its own
radiation in the Reflection Method. The model also includes an
approximate treatment of the recirculation and entrainment of

combustion gas in the flame region, and assumes plug flow
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downstream of the flame region. A regression method was
developed for calculating the emissivity of combustion gases of
varying CO2 and nzo concentrations based on Hottel’s real gas
data. The temperature and heat transferred to or from the
flame, gas, wall, and solid bed in each axial section of the
kiln is calculated using the Reflection Method by simultaneously
solving a set of alﬁebraic expressions involving the emissivity,
area, and radiative (geometrical) view factors for the various
surfaces in the kiln. The model was verified with a computer
program written in LOTUS 1-2-3 using a set of operating data
from a direct-fired kiln used for the incineration of 1lightly
contaminated soil. The model yielded good agreement between the
calculated and reported values of the solid and gas exit
temperatures as shown in Fig. 8.1-1 and Table 8.1-1. The
percent error for the estimated solids exit temperature was 6.8
and for the gas was -3.2,

The new heat transfer model was also extended to provide an
approximate treatment of heat transfer in IDF kilns. The model
used two separate heat balances to (1) estimate the heat
transferred from burning fuel in the outer gas to the outer
surface of the inner shell, and (2) the heat transferred through
the inner shell and radiated to the solid bed and inner gas. As
with the direct-fired kiln, the kiln was divided into uniform
longitudinal sections, each with constant temperatures and
surface properties. The use of a constant outer gas temperature
is only approximate because of the steep temperature gradient
that exists between the bottom temperature where the fuel

combustion occurs and the top temperature where the combustion
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gases exit. Model calculations for a hypothetical data set (mo

actual data were available) indicated approximate agreement with

vendor reported kiln characteristics and temperature profiles.
This model is the first treatment of heat traasfer in an IDF

kiln reported in the literature.

9.1 General Heat Trangfer Model Developments

The radiation balance developed can be applied to any
enclosure with two grey surfaces (e.g., wall and solid bed) and
one black body or axially centered grey body (e.g., flame) with
a participating gas of varying CO2 and 320 concentrations. The
temperatures of the three surfaces and the gas determines the
heat flow within the enclosure. Convective heat transfer from
the gas to both grey surfaces (the solid bed and wall), and
conductive heat transfer between the grey surfaces is
considered. All parameters required for calculating the heat
distribution are variables which ‘can be input in the program,
and they can be modified for different geometries, fuel, air,
solid bed feed rate, surface properties, and gas compositions.
Heat loss by conduction through the enclosure shell is estimated
for a kiln wall constructed of 2 layers of insulating material
and the outer shell. Heat is lost from the outer shell by

convection and radiation to the ambient surroundings.

9.2 Simplifving Assumptions

To simplify the development of the heat transfer model, a
number of assumptions were necessary. These include the

following: (1) the neglect of axial radiation, (2) the use of a
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constant circumferential wall temperature, (3) an approximate
treatment of recirculation and entrainment of combustion gases
in the flame region, (4) neglect of kiln end effects, (5) a well
mizxed solid bed of constant temperature within each axial zoane,
(6) neglect of the effect of coarse kiln zoning of the kilm, (7)
constant ‘average’ surface and gas temperatures in each zone,
and (8) constant emissivity of the flame over its length.
Approximate estimates were made for the effects of these
assumptions on the uncertainties of results calculated by the

model.
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10.0 RECOMMENDATIONS FOR FURTHER WORK

While there is a great amount of information published on
combustion technology and heat transfer, there is a lack of
detailed information in the open literature on the physical
parameters and operating conditions for direct—-fired rotary
kilns., It would be of great value in verifying the validity
of kiln heat transfer models if such detailed experimental
data were determined and reported.

The accuracy of the model could be improved by extending it
to include the treatment of the effects of the following
phenomena: (1) effects of soot and entrained dust
concentrations on the flame and gas emissivities, (2) more
detailed zoning of the flame region as it effects
recirculation and entrainment, heat and mass balance, gas
compositions, and temperature profile in each zone, (3)
using grey/clear gas models to determine the emissivities of
002-820 mixtures of varying compositions, and (4) a

solid bed containing combustible material.

Carry out sensitivity anmalyses of all the assumptions listed
above.

For extended and repeated use of the program, a FORTRAN
coded version would reduce computation time required.

A heat transfer model for IDF kilns capable of treating
angular surface and gas temperature gradients should be
developed to provide a more accurate description of surface

and gas temperatures.
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APPENDIX A

FLAME REGION ENTRAINMENT MODEL DEVELOPMENT
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As discussed earlier in the model development (Sections
3.1-3.3) and results and discussion (Section 8.0), the
recirculation of entrained gases significantly changes the
temperature of the flame and the gas surrounding the flame.

This appendix provides additional information on how the amount
of gas recirculated varies with different operating conditions
and burner configurations.

The treatment of entrainment and recirculation of gases in
the flame region is based on the correlation of Thring and
Newby ', as modified by Field et al. °. Ricou and
Spanlding’° measured entrainment rates and determined that the
mass flow rate (nx) in the jet is linearly related to x
according to the equation
/3

1
nz/n = 0,32 (pa/po) (x/do) Eq. A-1

o
This relationship holds for all values of nozzle Reynolds number

4 and for x/do > 6. At x/do ¢ 6, the

greater than 2.5 * 10
entrainment rate per unit jet length is lower, increasing
progressively with distance until it stabilizes at the constant
value corresponding to Eq. Al.

The correlation modified by Field et al. assumes that the
the jet entrains as a free jet up to the point C (see Fig. A-1)
and the total entrainment up to this point ( the net
recirculation flow mt) is given by the Eq. A-2:

1/2

= [0.32(p./p°) (x—6do)/d° nol - m Eq. A-2

o
This is Eq. 3.2 with the terms as defined in the text. The
point C is postulated to lie midway between the point z, where
entrainment begins (nx = no), according to Eq. A-2 and the

point p (see Fig. A-1) where the envelope of an unconfined jet

strikes the wall. From Eq. A-1 where B, =@



Fig.

A-1
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/2

1
X = (dolosz)(polpa) Eq.1.0-3

o
Assuming the jet angle of 9.7°. the jet strikes the wall at a

distance xp diameters down the duct:

Ip = 2.925 D Eq. A-4
Thus 10 is given by
1/2]

1, = 1/2 [ I + d°/0.32)(po/pa) Eq. Al.-5
A parameter w is then defined:
1/2 _

w = (do/D)(po,pa) Eq. A-6
hence
1, = 1/2(:p + Dw/0.32)

= D(1.467 + w/0.64) Eq.A-7

and
mr/no = 0.47/0 -0.5 Eq. A-8

Present Work -

The correlation has been modified in the present work
assuming that

Ip = D
due to the skewed burner configuration which angles the flame
from the burner toward the wall, and consequently intercepts the
wall earlier than one would expect in most kilns. This results
in Eq. A-7 becoming:

C
and Eq. A-8 becomes,
m /m = 0.16/w -0.5 A-10
r o

This last equation results in about 1/3 of the net
recirculated flow as proposed by the Thring and Newdy

correlation due to the shorter jet length used. The values used

in the resulting equation, Eq. A-10, are:
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Py = 0.0745 lb/ft3 for the density of the ambient air

Py = 0.0787 lb/ft3 for the density of the fuel jet stream

D = 4 ft for the diameter of the kiln

do = ,5 ft for the burner nozzle diameter
and

m, = 0.746 L Eq. A-11

As can be seen from the form of Eq. A-1, the net entrainment
is proportional to the distance from the burmer along the jet
axis (or kiln axis in this case). This relationship
relationship is valid for distances from the burner nozzle
greater than 6 nozzle diameters, 6d°. Less than 6do. the
entrainment rate is less. To account for entrainment in this
distance, the rate of entrainment in the first section was
assumed half of the rate in the second section. The resulting
block flow diagram is shown in Fig. 3.1.2-1., Note that the
gases recirculated are assumed to originate from the end of the
flame region.

With the specified rate of gas entrainment in each section,
the balance for the flame region.can be solved. The fuel and
air not combusted in the first flame section are assumed to be
volatilized and heated to the temperature of the first flame
.section and enter the second flame section as preheated fuel and
air. The heat required to preheat the fuel and air is treated
as a heat loss in the first flame section and as a heat ‘credit’
in the second flame section. By considering
(1) the net heat release of the flame for each section
(2) the enthalpy balance of the flame region for recirculated

gases.and
(3) the overall balance of the flame region, the temperatures in

the flame region may be solved using the radiation balance

as discussed earlier in program development and below.
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Enthalpy Balance of the Flame Region

The enthalpy balance of the flame region is presented here
for a flame region which is divided into two sections and
considers recirculation of combusted gases. The resulting block
diagram is shown in Fig. 3.1.2-1. The flame region with
recirculation of combustion gases modeled as a single section is
a much simpler subset of the block flow diagram below,.

Notﬁ fhat the overall mass balance of the flame region
requires that the total mass entering the balance (the sum of
the excess air and the mass fired through the burner) is equal
to the mass leaving the flame region (the mass of the combustion
gas plus the mass of excess air). This relationship is

expressed mathematically as follows:

M M + M
o xair cp xair

This equation requires that Xo = M From this balance, it

cp’
is recognized that the effect of recirculated gases can be
viewed qualitatively as a partial mixing of the gas and flame
sections in the flame region. The primary result of considering
recirculated gases in the flame region is to increase the
temperature in the gas sections and decrease the temperature in
the flame sections of the flame region. These temperature
changes affect the heat transfer in the flame region of the

kiln. There is very little effect from recirculation downstream

of the flame region, where the gases are assumed to be well
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-

mizxed and of uniform temperature within each section of the gas

region.

B1.0 Assumptions Regnired for Recircmiation Calcmnlations
The following assumptions are required to solve for the

temperatures in the flame region:

(1) The composition and mass of the secondary excess air,
anir' is constant (not mixed with the recirculated gases)
in each gas section, but is allowed to come to thermal
equilibrium within the gas section with the recirculated
gases. This assumption is made because there is no simple
way to determine the fraction of excess air directly
entrained in the flame or the extent of mixing, and the
composition of the excess air and recirculated gases are
both primarily nitrogen. Consequently, the heat capacities
of these gases are nearly the same, and error from this
assumption had negligible effe;tl on the heat or mass
balance.

(2) The mass of recirculated gas, X(Mcp+M ) as seen in

zair
Fig.3.1.2-1, represented by the value m_ as calculated

above in Appendix A in the modified correlation of Thring
and Newby, is a variable input in the program, and is varied
by specifying the fraction of the burner mass which has been

estimated to be recirculated.cr (the constant above of

0.746 in Eq. A10). The fraction X is calculated imn the



program by the following equation:

X = ct."o/("cp + M )

zxair
The value X represents the fraction of the total mass
entering the flame region (Ho + Hxair) which is
recirculated. In the present calculations, the value of the
fraction, Cr. is assumed to be unity (in place of the
value estimated above of 0.746) in 1light of the uncertainty
involved in determining the value of this factor.

(3) The gas entrained from the gas region to the flame is
assumed to be at the corresponding gas region temperature,
Tgl or ng.

(4) The mass of recirculated gas is not effected by assumption
(1), and its composition is assumed to be that of the gas

exiting the flame region.

B2.0 Determination of the Gas Temperatnre in Each Section of the

Flame PRegion

- The gas in the flame region surrounding the flame of the
kiln is heated simultaneously by the thermal convection (mixing)
due to gas recirculation and by radiation heat transfer in the
kiln from the flame and wall. The exact effect of these two
factors on the gas temperature calculation depends upon whether
the mizxing or the radiant heat transfer is calculated first. If
the radiant heat ttansfgt to the gas is calculated before it is

heated by mixing, the mizxed gas would be hotter. It was assumed



that the gases are first mixed resulting in a ’‘mixed gas’
temperature which was then heated by radiant heat transfer from
the flame. This order of calculation maximizes the effect of
gas recirculation on the gas temperature, while the opposite
order would maximize heat transfer by radiation. The
temperature of each gas region is determined in three steps:
(1) The gas temperatures in each section are initially assumed.
(2) An enthalpy balance for the section calculates an HMB
temperature based on the gases entering and exiting it.
(3) The HMB temperature is used in the radiation balance as an
initial temperature of the gas to calculate the new gas
temperature of the section.

Each of these steps is discussed separately below.

Step (1): An overall flame region heat and mass balance is
used to estimate the temperature of the gas leaving the flame
region, which is assumed to be at-}he same temperature as the
gas recirculated (Section B.1 assumption 4 above). The
temperature of the gas leaving the flame region is based on the

ovofall heat balance for the flame region:

H + H = 0 + H + Q

air gas gas solids shell

where H represents the enthalpy of air, gas, or solids, and Q
represents the heat lost from the flame and shell. From the
exit gas temperature (Tg3)' determined by this balance, the
temperatures of the gas sections in the flame region are
assumed. The initial estimates for the gas temperatures im the

flame are ‘best guess’ approximations as discussed below.



In the present calculations, the temperature of the gas
exiting the flame region was first estimated from the overall
balance using an estimated solid bed temperature of 600 F and
heat loss based on a shell temperature of 300 F, which resulted
in an exit gas temperature from the flame region of
approximately 1900 F. The first estimate of the gas
temperatures in the flame region were arbitrarily calculated
assuming a uniform temperature rise in section 1, 2, and 3 (by
dividing the overall flame region balance temperature by 3). The
initial gas temperature assumed were: Tgl = 600 F in the first
gas section and Tsz = 1200 F in the second gas section, and
Tg3 = 1900 F for the gas leaving the flame region.

It may be noted that this procedure could be extended to

considér more than two section in the flame region.

Ste 2): A heat balance is calculated for the gas
temperature (shown below in the df;gran) in the section of the
flame region being calculated. The balance is based on the
mass, composition, and assumed temperature of each stream
entering the gas section. For the calculation of the first gas
section, the assumed temperature of the second gas section T82
is used (in this case assumed to be 1200 F). The enthalpy
difference for each of the streams entering the gas section are
calculated and the 'heat and mass balance’ (HMB) temperature of
the gas section ‘1'81 is determined by a trial and error
procedure of guessing the temperature of the gas section and

comparing the net enthalpy difference between the entering and

exiting stream enthalpy. The correct temperature of the gas



Ml:
section is calculated when the net enthalpy of the entering and

exiting streams are equal. This is illustrated below:

Tgo ——--=---- > leeeme- > Tgy
I T,y HMB !
Tgy  (m=====-- I l¢emmmame Tea
[ ——— |
AH = - AR
Tso )‘I‘81 TSZ——)Tll
Step (3): The HMB temperature T81 of the gas section is

used in the radiation heat transfer section of the program as
the 'initial temperature to determine the temperature profile of
the first section of the flame region. The high temperature of
the flame and wall results in additional heat transfer to the
gas (by radiation from the flame and wall, and convection from

the wall),

B3.0 Flame Region Tempessture Convergonce Criteria

The temperature profile of the first section of the kiln is
calculated as described above (for the flame, solid bed, wall,
and gas), and yields a new estimate of the gas temperature Tgl
in the first section (say 800 F). The temperature profile of
the second section of the flame region is calculated in a

similar fashion. This procedure is summarized below:
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Step (1): The HMB gas temperature of the second gas section
is calculated based on the new estimated gas temperature T81 =
800 F of the first section and the gas temperature exiting the
flame region '1'83 = 1900 F as calculated by an overall balance
of the flame region (Step 1 above). For example let the
resulting HMB temperature 'I'82 = 1400 F.

Step (2): The new HMB gas temperature of the second gas
section T82 = 1400 F is used as the initial gas temperature to
calculate the heat transferred by radiation within the kiln.

For example, let the new value of ng including radiation heat
transfer be 1650 F. The trial temperature profile of the second
section of the kiln includes:(1) a new gas temperature ng =
1650 F for the second section, (2) the temperature of the flame
combustion gases, say sz = 2000 F, (3) the solid bed
temperature which exits the flame region, say Ts2 = 1000 F and
(4) the shell heat loss in the socpnd section, say Qsh = 0.2

MM Btu/hr.

Step (3): An enthalpy balance of the gases leaving the flame
region (the flame combustion gases sz = 2000 F and second gas
section gases TBZ = 1650) is calculated to determine the
combined temperature of the gases Tg3' say 1850 F. If the
calculated temperatures equal the estimated temperatures used in
the overall balance of the flame region, the flame region gas
temperatures assumed are correct.

If the exit gas temperatures are not equal, a new (second)
estimate of the gas temperature ‘1‘83 leaving the flame region

can be calculated using the overall balance for the flame region
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with the new values for the shell heat loss in the flame region,

and solid bed temperature T = 1000 F exiting the flame

s2
region. For example say the overall balance predicted '1'83 =
1950 F. The procedure of calculating the temperature profile of
the kiln in the flame region has now come full circle, and a new
(second) set of trial temperatures for the gas temperatures of
the second section ‘1‘32 = 1650 F and third section T83 = 1950
F can be used to repeat the procedure. This entire procedure is
repeated until the calculated temperatures (ng and Ts3) are
the same as the previous trial values used.

It may be noted that the program continuously calculates in
a section the values of the HMB gas temperature for the ’'other’
gas section in the flame region and the exit gas leaving the
flame region, based on the corresponding enthalpy balances.
These gas temperatures may be used to indicate whether a
particular set of gas tenperatute{ are likely to result im the
same exit gas temperature as calculated by the overall balance
of the flame region. The mass and composition of each stream
for the flame region balance remains fixed for a particular set
of operating parameters and the estimated combustion gas
fraction recirculated. The enthalpy difference between the
second gas temperature and the first gas temperature must be
constant because there is only onme set of ‘correct’ temperatures
which allows the balance of the flame region to be satisfied.
Lowering the second gas temperature or raising the first section
gas temperature, lowers this enthalpy difference. The

temperatures of the gas and flame in the second section
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determines the exit gas temperature, and the heat released in
each flame section is fixed. Consequently, the range of
temperatures which allows the temperature profile in the flame
region to be determined is restricted.

Using these observations, the user is often able to ’'abort’
the procedure, and choose s new set of gas temperatures which
will converge more quickly. The first few iterations of this
procedure may be performed rapidly by using ’'loose’ convergence
criteria for a given section of the flame region, recognizing
that the assumed temperatures used in the first few iterations
are not the final values.

For instance, on the second iteration say the resulting gas
temperature of the second section T82 = 1800 F and the
resulting flame temperature of the second section sz = 2000
F, and the calculated combined gas temperature of these two
resulted in 2000 F. Then, from thﬁ overall flame region balance
temperature of ‘l‘a3 = 1950 F, one Yould know that the second
gas temperature Tsz = 1650 F was too high and s lower gas
temperature for the second section, say 1500 F, would be
required to give the estimated overall flame region balance
temperature of 1950 F. This lower gas temperature of the second
section would also likely result in s lower gas temperature for

the first section TB as well, say 700 F. The gas

1

temperatures assumed include the heat transferred by both

convection and radiation.
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Within several complete iterations of the flame region, the
gas temperature of section 1 and 2 begin to get closer to thelir
final values. The overall balance gas temperature leaving the
flame region varies less each iteration of the flame region as
the solid bed and shell heat loss exiting the flame region get
closer to their final values. With greater confidence in the
overall balance gas temperature leaving the flame regionmn, the
gas temperatures in the flame region may be ‘fine tuned’ to

determine the temperature profile of the flame region.



APPENDIX C
CALCULATIONS FOR MODELING THE FLAME

AS A GRAY BODY IN THE FLAME RADIATION BALANCE.
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C1.0 Radistion Model of the Flame

The flame is modeled as an axial flame and is treated inmn the
radiation balance as a black body surface of s cylindrical
shape. This simplification significantly reduces the equations
required to trace the emitted and reflected radiation within the
enclosure for constructing the radiation balance. A real flame
is different from a gray solid surface because some of the
radiation is transmitted through the flame. The flame is here
treated as a black body of reduced ares to avoid the
complications otherwise involved in calculating the radiation
balance of the flame treated as a partially transparent gray
body. The flame is treated as an opaque black body of reduced
area such that the radiation emitted or absorbed is equivalent
to that of the partially transparent flame with the actual flame
area., With the reduced ares, less volume is occupied by the
flame, which therefore intercepts }ess radistion in the kiln and
is effectively more 'transparent’,

The mathematical relations involved in this model are given
in the following. The heat emitted to the kiln wall by the
flame, considered as a grey body with emissivity P and
area Af, is equated to that emitted by a reduced areas flame
considered as a black body with emissivity e'f and area
A'f. i.e.,

Qf—)v " Q'f'-)w ¢

Substituting the general expression for radiation heat transfer,

4 4
ohee Fo Tp = oh'pe’ F'p Ty



14
The view factors Ff' and F'f' are equal because of the
cylindrical geometry of the kiln. Therefore,
= ’ -
Afaf A'fc £ Eq. C1.0-1
where c'f equals 1 since the reduced ares flame is
considered to be a black body.
Now using Kirchoff's law for the radiation between the wall
and the flame for the actual ares case,
Awaf = Afpfw *
For the reduced area case,
AF ge = A ¢Fey
Eliminating Pf' between these equations yields
A_F'
v w

= A'f(A'F /A,) .

f wf O f

Simplifying,

Foe/Flue = Ag/A'y

Therefore, using Eq C1.0-1,

Fog/Flyg = 8¢ = 0y
Therefore,
F'f - F"f = (J.-af)l"'f Eq. C1.0-2

From this last equation and Eqns. C1.1-3 and Cl1l.1-6, it follows
that:
F'f(l-ut) = (F"
This derivation shows that the fraction of energy radiated

- F's) + (F" - F_) Eq. C1.0-3

by the wall which is transmitted through the flame (treated as s
gray body) is equal to the difference between the view factor
F'f for the gray body case and the black body view factor

F wf®
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Such treatment of the flame has not been discussed in the
litersture.

The reduced sres of the black body flame casuses s reduction
of the operative view factors (F"fF'sf) which determine the
fraction of radistion which will be emitted by each of the two
surfaces to the black body flame. This treatment compensates
for the energy that would have been transmitted through the
flame as if it were a gray (partially transparent) body. This
treatment greatly simplifies the calculation of the radiation
balance. Treating the flame as s gray body would double the
number of equations required to calculate the radiastion absorbdbed
by the gas because the additional equations would be required to
sccount for radiation which passed through the flame.

The difficulty involved in considering the flame as a gray
body is that the flame is a partiaslly transparent surface. For
s partially transparent surface, part of the emitted radiation
(from the solid bed or wall) which is 'viewed’ by the (flame)
surface is transmitted through the partially transparent (flame)
body. The radiastion emitted from the solid bed which is
transmitted through the flame is intercepted by the wall (and
partly reflected). For the radiation emitted by the wall to the
flame, the radiastion transmitted through the flame may be
intercepted by either the solid bed or the wall. (See Fig.
C1.0-1) Some reflected radiation (originally emitted from the
flame, wall, solid bed, and gas) also would pass through the
flame. The difficulty in accounting for the radiation

transmitted through the flame is complicated further by the fact



Figure C1.0-1.

SOLID BED

Radistion Transmitted Through the Flame with Gas

Absorption Before and After the Flame

L1
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that the gas would also absordb some fraction of each of the
radiation rays. Two gas absorption terms would be required to
describe each ray which intercepts the flame, one before
intercepting the flame and one after passing through the flame
before the ray is intercepted by another solid surface (see Fig.

C1.0-1)

C1.1 Numerical Comparison of the Gray Flame and Roduced Area
Flame Treatments -

The calculation of the view factors and heat transfer for

the gray flame method and the reduced area flame method is
illustrated in the following numerical example. The following
numerical values for the parameters of interest were chosen:

ﬂ’ = 90° = n/2 radians = the angle subtended by the solid bed

Df = 2 feet = the diameter of the flame (actwual)

Dk = 10 feet = kiln ID

g, = a, = 0.8 = emissivity and absorptivity of the
flame (actual or gray body)
From these numerical values, the following quantities are
calaulated:

Ff' = F'f' = (2n - nn/2)/2n = 3/4 = fraction of flame radiation

intercepted by the wall

F = R' = (n/2)/2n = 1/4 = the fraction of flame radiation

fs fs
intercepted by the solid bed

Af = n Df = area of the flame per unit length of kiln
= 6.28 ft2/f¢

A, = SIN(B_/2) D_ = (2°5/72) 10

x
= area of so0lid bed per unit length of kiln = 7.07 ft2/ft
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A' a (n - ﬁ8/2) Dk = (3/4) n 10

= agrea of wall per unit length of kilan = 23.56 ftzlft
The treatment of the gray flame will be considered first and
compared to the treatment of the flame as & black body of
reduced area. Several mathematical relationships for these
calculations need to be defined:
(1) Al11 radiation leaving s surface i within an enclosure
This results in

must be intercepted by the enclosure surfaces.

the following mathematical relationships between the view

factors:
N
;F“ =1 Eq. C1.1-1
From this it follows that,
flame - Ffs + Ff' = 1 Eq. C1.1-2
wall - F + F + F =1 Eq. C1.1-3
ws ww wf
solid bed - F + F = 1 Eq. C1.1-4
sw sf

Similar equations can be written for the reduced ares case:

flame - F'f' + F'f' a 1 Eq. C1.1-5§

wall - F' + B! + F! = 1 Eq. C1.1-6
vs ww wf

solid bed - F"' + F'sf a 1 Eq. C1.1-7

The axisl radiation and end
have been neglected in this

(2) Kirchoff'’'s law is s

effects from the kiln end surfaces
treatment.

useful relationship between the view

factor from one surface to a second surface within an enclosure:

A, F

i = A, F

ij S § |

(3)

BEq. C1.1-8

The total radiation which is intercepted by s partially

transparent surface which does not reflect radiation is either

sbsorbed or transmitted through the medium, as represented by
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the following expression:

*, + a, = 1 Eq. C1.1-9

Determination of F'f and F"f -

Solving Kirchoff’'s law for F'f.
Av va = Af Ff'

or, F Af Ff' / A'

(n D) Foo / (n - B _/2) D,

wf

(2 n) (3/4) / (n - n/4) 10
a 0,20

Going through a similar calculation for F"f,

Aw F'vf = A'f Ffv

or, F"f = A'f Ff' / A'

ef(u Df) Ff' / (n - B,IZ) D

k
(0.8)(2 n) (3/4) / (n - n/2) 10

(0.8)(1/5) = 0.16
The fraction of energy transmitted through the flame is
given by the following formula (form Eq. C1.1-9):
Ty = 1 - a, Eq. C1.1-10
The fraction of radiation emitted by the wall which is
transmitted through the flame (to the solid bed or wall) is
given by the product of the fraction of energy transmitted
through the flame times the view factor, F'f:
Foe¢ (1 - af) Eq. C1.1-11
which equals
0.20(1-.8) = 0.04
It is seen that this is equal to the quantity

F'f - F"f = 0.2 - 0.16 = 0.04
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This equality is consistent with the relationship derived above
(Eq. C1.0-2),

F'f - F"f = F'f(l'“f) .

C2.0 Evaluation of the Other View Factors

The determination of the view factors involves the use of

Kirchoff's law and Eq. Cl1.1-1,

jeiia Fgy =1 .

These view factors will be used in the solution of Eq. C1.1-4,

th + va + wa =1

Determination of F and F' -
ws w

By Eq. C1.1-4,
Fs' =1- st
By Kirchoff’s Law, this yields,

FS' =1 Af Ffl / A.
=1 - (n Df) Fou / SIN[(ﬂSIZ) Dkl
=1 - 0.2221 = 0.7781
Now, the view factor F" may be determined using Kirchoff's
law as follows:
A, Fvu = As Fow
and Foe = A, F /A
= [SIN(S‘IZ) D, Fs']/(ﬂ-ﬂ.IZ) D,
= (2°3/2)(10)(0.7781)/(3/4)n 10

F = 0.2335
ws
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Alternately, a direct solution can be writtenm to solve for

F's which does not include the intermediate solutions of the

st and st

Fas = A Fy

"A'

= As (1 - F.f) / A,

= As (1 -Af Ff' / As) / A'

= SIN(BSIZ)(1-(ﬂ‘Df)Ffs/[SIN(BsIZ)Dk])/(ﬂ-b'IZ)IDk

Determination of View F s F’ and F' -
sw ws

By Kirchoff's law,
A F! = A P’
w s

By Eq Cl1.1-7,

’ = R
F sw 1-F sf

By Kirchoff's Law,

F'sf = A.f‘ F'fs / As

= e, (n Df) F'f. / [SIN(ﬂs/Z) Dk]

=(0.8) (2n) (1/4) / [SIN(n/4) 10]

F‘sf = (0.8)(0.2221) = 0.1777

Therefore,

F," =1 -0.1777

= 0.8223
Now, the view factor F". may be determined using Kirchoff's
law as follows:

R’ = A_F' !/ A
ws s sw L]

F' = SIN(B_/2 ) F'__ /(n - B_/2) D)

= (2°5/2)(10)(0.7781)/(3/4)n 10
F'ws = 0.2468
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or alternatively, F'__ = As F's' / A,

= (As (1—F"f))/ A,

= [A8 (1 - A', F / As)] / A,

f fs
=(SIN(5'/2)(1-af(ﬂ'Df)Ff'/[SIN(lez)Dk]))/(ﬂ-Bs)

Calcunlation of F' - F -
ws ws
’
From the values of F ws and Fvs calculated above,

F"S—F'. = 0.2468-0.2335 = 0.0133
As discussed above (Eq. C1.0-3), F"s minus F's is equal to
the radiation emitted from the wall and transmitted through the

flame to the solid bed.

Determination of F and F' -
ww ww

We now have the values to determine F" from the equation,

F + F + F =1
ww w

ws b 4
and,
Fvw =1- Fvs - va
F a 1 - 0.2335 - .2
T ww

Fow® 0.5665

Similarly, F"' is determined:
F' =1 - F' - R

ww ws wf
F"' =1 - 0.2468 - 4/25

F' g = 0.5932
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Calculation of F' - F -
B w

w ww

From the values of F' and F calculated above,
ws ws

F' -F = 0.5932-0.5665 = 0.0267
ww ww
As discussed above (Eq. C1.0-3), F"' minus F" is equal to
the radiation emitted from the wall and transmitted through the

flame to the solid bed.
The sum of the differences between F". minus F'. and
F!' minus F equals the difference F minus F'wf and
ww ww wf
is consistent with Eq. C1.0-3,

va(l-af) = (F.' - Fvs) + (F" - Fo)

] w ww
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Appendix E

Program Listing for Direct Fired Kiln
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FRILML MK] o0 Range FLAL (V341., AG3SE) vRL o0

age R

FRIULWKI FLAE FEGION MODELED RS ONE SECTION

\EGEND: F Foresla
' Teat Left

a
WIYLASCDEF 6
M '
32 1 'PF PRI
M! I as a ¢ .I
3‘. |1 »® sy es o
J‘s '. . o 0 l'
36 IFFFFFFFRF
3T (FFFRPIFFL
308 IFFFSETIF
9 IFFREFFFIFFL
I0NAW A
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IRNRI*F °F |
B P FR
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3% WMWY

+ Integer ¢ Real
~ Test Center " lext Right

4 0o

\ Repeat

b blank
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ige 3 :
FRILILIX] FLAME REGI0N MIDELED RS OME SECTION
EEO: F Fowls . lrteger * Real u BTro b blank
¢ Test Left  “ Teat Conter ° lemt Right \ Repeat
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W51 °F °°F°FI
306 1° “F
307 I\ R |
3081°F ° |
J091°F " aee)
OIS F  ° ey
ni * ree”l
N2 I°F * ° ene”l
NI I°F b *\\W\\I .
314 1F b" |
ASI°F °°F °FI
316 1Fb b ° **
NIIF I
J8IF
914 FeFFFFS
320 1° FFFFFI
321 I\ bFFFFFI
322 1I°F°  WFFFIFI
23 1°Fb b \\I
324 1°fa b° FFI
PSIF b°F |
326 1°F° b° °F°FI
327 I\W® b*° F°FI
ROIF BCF I
291 b® 1
330 INWWWW ]

Bil Y]
IRI° F ey
BII° b een
AT F e
/B F |
a3 F L
a1 F * FI
31" F " FI

339 WY
W1 F F |

oz



L I .|
1341 J 19
31 m
LI IR I Y3 ]
tdoeen
I 4 i ity
|
|
|
|
I
I

Zl1

ER R ]
ERTRE~]]

[ 71}

W gt
4020

[ {1

131 otk
LAY 1 63t
1343 o 1 891
1334 o0 1 290
| 19
134 1891
I 300199
1,109
1131
FRRN )]
35000
Jdvtest
4 vl B6L
1 g1
of %1

33
Jv st
|

I
I
I
1
t
}
I
13
t
|
]

144 o Sl
|
1
[}
|
t
LI RTYIR
t
|
[
1
[}
1
I

t ¢ 8t1
I~ I LET
3 o0
[EN 1]
[E0 1 %1
14 )V EEI
| 125
] ot I
e 1 og1
13 16
S0

wadny by ), WU W], A e,
weiq q 0re 0 e Al ¢ ere04 § O3
NOLIJES 20 S 077008 NDIDY IWY S-_.:._H““
LY
A {OR37 RY-gn-ga] " WA [{0R 218 O dbury o LIANTINY



(07-)-88 13:50) 1

FRILILMKE o+ Range RAD 1R129..63071 +WAL a0

age S5

b blank

8 aro
\ Repeal

+ Real
* Yot Center ° lext-Right

» Integer

" Test Left

FRIUCAKL FLAME REGION MODELED RS OME SECTIDN

LEEEMD: F Formula

VRV T - [PV PR VR VO VU VI PR O EEE Y bnww [NV
---------- - - - ---.-—----— - - - - - e = s ----.. -
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' Test Left  ~ Teat Center ° Test’ Right \ Repeat
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FRILMIKIE o0 Razge 1 1AV1,.F304) WL 0 {0r-4f3-68 15259 +
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LEBEND: | Formula « Integer + Real ® a0 b blank
* leat Left  * lext Center * Tesb Right \ Repeat
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B e NO N AN =

- - -
~ - 0

1

30
N

32
3}
k1]
35
36
7
38
9
40
4

42
4)
4
45
a6
a
a8
49
50
51

52
LY}
54

$s

-

[

(] 4 » t ' A " ] )
FILE Hu8 WS by: D & PILIS
INPUT TEMPLATE o PRIMARY (HAMBER WASIE DATA
PRIMARY  -ccmcmee BURNIR WASTES=-===] {f-cccccee CHAMBIR WASTES---| |
NAME . AUX FUEL wASTt | WASIE 2 WASTED WwASTI 4 wasTt 5 wASEE & |
% C 87 2 ] 0.00 0.00 0 00 0 00 0 00 }
% H2 12 62 0 a0 0 00 0 00 0 00 0 00 0 00 |
% 02 o0 00 0 00 0.00 0.00 0 00 0 00 0 00 1
% N2 0.00 0 00 0.00 0.00 0 00 0 00 0 00 }
% WAIER 0 00 0 00 0 00 0 00 0 00 0 00 0 00 }
2 CQ 0 00 0.00 0.00 0.00 0.00 0 00 0 00 [}
%S o 17 0 00 0 00 0.00 0 00 0 00 0 00 ]
% 88 0 00 0 00 0 00 0.00 0 00 0 00 0 00 |
S F 0 00 0.00 0.00 0.00 0 00 0 00 o 00 ]
% SALI 0 00 0 00 0.00 0.00 0 00 0 00 0 00 ]
* ASH 0.00 0 00 0 00 0.00 0 00 0 00 0 00 ]
-------------------------------- Jeeeeeeee cccerere  ceeveno] |
1otat 100 00 0 00 0 00 0 00 0 00 0 00 0 00 i
Lo/ omee 0 00 0 00 0 00 0.00 0 00 0.00 1
slu/Le 19100 (] o o ] (] o |
{EmP 60 60 0 60 ©0 60 60 1
stuna 0 S0 0 50 0 50 0.50 0 50 0 S0 0 50 |
TEmPLAYE 2 PRIMARY BURNLIR AND CHAMBER COMBUST ION CONDIT IONS/CAL CLLATION |
|
% EXCESS AIR FOR FULLS 10 BURNIR [ETTTT VY $Y 10 00 1
% EXCESS AIR FOR WASILS TO (HAMBER sassszss> 10.00 |
RADIATION LOSS {mm BIU/HR) zzasssEs> t 16 <a+Qgo ]
AR TEwe ¢ sazsssss> 60 00 |
AIR HLmI0ITY {LB/LB DRY AIR) ssssssss> 0 01 ]
% ASH IN ExIT aszaszas> 0 00
% SALT IN ExIE zassszas) 0 00
PYROLYSIS (1 s VES O s NO) azzasass)> o
HEAT OF PYROLYSIS BIU/IB ssessses> 1060.00
AVG 20U WEIQHT OF PYROLYSIS PRODAX TS ssssssss> 50 00
% FIXED CARBON IN ASH 0.00
SPECIFIC HEAT Of ASH (BTU/IB ) o7
DESIRED ASH DISCHARGE TEmPERATLRE ¢ 60.00 <- USID If INPUT
DESIRED OR “QUESS™ TEMPERATURE ¢ 2200 .60 <s¢190
LBS/IR AUX FUEL ssssssss> 70 00
MEAT IN = 1.3%% HEAT OUT = 2.00) DELIA H = -0 64845

4a80a0000000000000000000000000000000000000000000000000000000000000000000000000000000000060000000000000000000000000000000000000000000000000000000000000000000000000000000000000000°0¢¢000000000000

PAUX 1B/1R o
HEAY IN a

70
1%

MEAY OUT =

2 00

|

L}

!

[}

WATER '
a 1

s |

B8R |

(4 |
saLt |
ASH |

|

'

101AL .

SCim [}
ACFM [}
Ttme F ]
ENTHALPY |
HEAT REL L}
)

[

M BTU/HR
PRIMARY CHARBER
HEAT BALANCE

ma BIU/IR

PRIMARY COMBUSTION CHAMBER SUma
TP =

AUX FUEL

WASTE TO BURNER
WASTE 10 CHAMBER
STOIC AIR TO BURNIR
XS AIR TO BURNER
STOIC AIR TO QHAmBE
XS AIR TO CHAMBER
AIR HUMIDITY

PYRO PRODUCTS
COMBUSTION GAS

SOt 1I0S OUT B8OTTOM
HEAT OFf PYROLYSIS
NEAT LOSS

101AL
AIR SCim

- N o 4 Q ® s 1 u
PRIMARY BURNER AND CIIAMAER MASS AND MEAT BALANCE RESWULTS
m | [#]] 1 (3} '
TO1AL WASTE « HURL I AUX FUEL 10 BURNER | WASTE TO BURNER [}
LeHH LB-aH&R ) LB/IR Lo-m/uR 1 LB/HR  LO-m/tR [}
-------------------- ) aeccccccaan cececeee | ~vvevcnes cvveneen |
ot 0% $.09 1 61 05 s.09 | 0 00 0.00 |
(3 3} ¢ ) 8.8) 4 2 | 0.00 0 00 |
0 00 0.00 1 0 00 0.00 | 0 00 0.00 |
a 00 o a0 1 0 00 0 60 | 0.00 0.00 1
0 00 0 00 I 0 00 0 00 | 0.00 0.00 |
v 00 0 00 1 0 00 0 00 ] 0 00 0.00 |
02 0 00 | 0.12 0 00 ' 0 00 0.00 |
0 00 0.00 t 0 00 0 00 | 0.00 0.00 |
0 6o 0 00 | 0.00 0 00 1 0.00 0.00 L}
0 00 .- ] 0.00 --o- 1 0.00 aan- 1
¢ 00 [} 0 00 1 0.00 LR 1
-------- ] asesssca acsasaee | ~evvvecr cmccece. ]
10 00 1 70 00 9 51 | 0.00 0.00 )
] 1 |
1 1 )
ERR | 60 ] ERR [}
0 000 | 0.000 1 0.000 [}
1342 | 1.36) | 0.000 )
-------- | eeeceee- | eeemem=me )
134} ] (PR Y1) ) 0.000 )
Jevecmecee ccccaccccescmcsecemeees N cmencveces
WASTE AUA PUEL AR
0 000 1 34) 0.012
wa BTU/IR [
] 1
]
. 1 |
0 00 ———- 0.000 ———— 1
0.00 ———— 0.000 EEE] | A (]
1006.95 ———— 0.000 .- 1
100.70 ——-- 0 000 ——— 1 0.20 0.00
R 0.00 ———- 0 000 -ee- 1 0.44 0.00
0.00 —— 0.000 veee | 0.24 0.00
11.08 ———- 0.012 - | 0.24 0.00
0.00 0.00 0.000 0 000 ) 0.44 0.00
0.00 1188.73 0 000 0.839 | 0.19 0 00
0.00 0.00 0 000 0.000 1 0.15 0.00
.ee- - ———- 0.000 1 0.08 0.00
- ' | 0.35 0.00
-~ -- - 1
1188.73 1188 73 [(Bi1} 2.00) |
BURNIR = 246 89 CMAASER = 0 00 OVERAILL s  246.89 |
10 00% OFF-CAS ACFM = 1335 1

OtLIA 11 s -0 b48S

% XS AIR COVERALL s

3



O > NO NN -

& w e =0

(k)

(4) } ) ] ) } ] {7) L} 18) ) {9) [} {10)
wASIE T0 OuastR | PYROL SIS PRODUCTS I SOLIDS QI BOI oM | [] TOTAL AIR | AIR TO BLRNER | AIR 10 COAuBER [CORBUSTION PRODUCTS
L8/t LB-a/tR } La/HR (B-a/i ] 181t 16-miR 1 ' IB/AR  LB-u/t® ] LB/1R  LB-a/tR } g/ 168-m/ta | Lo/tR  LB-a/im
| ecmcncans cceceenn ] | ceemmenen [ . mmeeneee t | comvemeos covaaans O
0 00 0 00 | 0.00 0.00 | | o2 [ 0 00 0 00 | | 0 00 0004 223 84
0 00 0 00 1 0.00 0 00 ] 1 PVRO GAS 1 0 00 0 00 | | 0 00 0ot 0 00
0 00 0 00 | 0 00 0 00 | | 0z I 256 .9 8 0) | 1 0 00 0 00 | 2 3%
0 00 0 00 | 0. 00 0 00 [} 1 N2 ) 8% N 10 38 | | 0 00 0001 8% 7
0 00 0.00 1 0.00 0 00 ] | wAlER ) 14.08 0 62 | 1 0.00 0.00 ( 90 S8
0 00 0.00 1 0.00 0.00 | 1 (1d] ] 0 00 0 00 ' 1 0 00 0 00 | 0 00
0 00 0 00 | 0.00 0.00 ' 1 $02 ) 0 00 0 00 [ 1 0.00 0 00 |( 0.24
0.00 0.00 | 0. 00 0 00 [} 1 HER ) 0.00 0 00 | | 0.00 0 00 | 0.00
0 00 0.00 ) 0.00 0.00 ] 1 HE ] 0 00 0 00 | | 0 00 000 | 0 00
0 00 —-ee 1 0.00 ana- | | SaLT 1 aaaa LX) | - ———— 1 ——— oo | 0.00
0 00 - ) 0 00 .ene [] 1 § ! I I 0.00
| 1 1 ceeeoan
] 0 00 0 00 1 1 1166.7)
' [} ! ] ' 1 o } 261
1 o | | ' 1 [} } 1338
] 2200 | ) ] 1 60 | 1201
] 0 000 | ENTIALPY ) 0 012 ] 0.012 1 0.000 1 0 839
' 0 000 | AT REL 1 0 000 ) 0 000 | 0 000 | 0.000
| eecaca-- 1 | eacameaa [ | eccccaa. | ceccenan
| 0 000 | an BIlUNR | 0.012 | 0 012 | 0.000 | 0.039
ol eereeees P el HEAT IN -
ASH HEAT OF PYROL VSIS HEAT LOSS voraL
0 039 0 030 1. 164 2.00) -0 648
TEMPLATE 8 CORPONINT HEAT BALANCE BTU/Im alt e osum{ (L)
(s) (7) (1 1] (L 1] {10} (1) att @ /¢ . (endd (
PYROLYS TOTAL AIR TO AIR TO COMBUST TOTAL OFf
PRODLCTS AIR  BURNER CIAMBER PRODUCIS CAs alt ¢ /T (right)
-0.00 C02 €02 ] 1] o o 133355 133535 ‘=(IRQ{I}-TRQ(T))
-0.00 PYRO GAS ] 0 ] ] ] (]
-0.00 02 02 (] ] (] ] 13255 13255 print macro \w
-0.00 N2 N2 ] ] ] 0 494004 494004 alt w /ppread-agooq
-0.00 H20 WATER ] 1741 1n7a 0 193446 1931406
-0.00 HCL (] ] (] ] (] (] alt 1 /pprconst agrRCONST2"
-0.00 $02 (] ] (] ] 109 109
-0.00 HeR (] ] (] (] (] (] alt v
0 o0 HF (] 0 ] ] ] ] /ppt (202" agppq
saLt INL (] (] (] (] ]
ASH INCL (] (] (] ] ] AT P
STSTUSST TSSeoses Sonosssc Sosescss fsesscTs Tosweces /pprradaupg
10TAL ] nia na 0 89069 639069 /ppivTad2”agppq

/ppicanst agrRCONST 2"

8L



L] 1 ({11] 1
4 PROVUCTS | 101AL OFF-CAS 1
5 AB-m/HR | LBNAR  LBem/IR 1
6 eemmmeee | mececccmce comna - 1
? 5.09 ] 22) o8¢ 5.09 |
[ 0 00 | 0 00 0.00 1
9 073 t 23.36 07 I
10 3o 38 [} 050 71 30.30 ]
11 S5 0) ] 90 S8 5.0 ]
12 0 00 1 0 00 0.00 1
1) 0 00 1 0 24 0.00 1
1 0.00 ) 0.00 0. 00 1
15 0.00 1 0.00 0.00 1
16 ——— | 0 00 ceen 1
17 ———- 1 0.00 ——— 1
18 ~cecanaa | =ecemecee cmmccae. 1
19 a 24 1 +186.73 41.24 1

20 -- ave- cecee 1

2 | 208 1

k24 1 1335 1

23 1 200 1

24 1 0 839 I

23 | 0.000 1

20 | eewenaee )

27 § 0.839 ]

28

29 HEAT IN - HEAL OUT R 1
30

3 -0 648

32

33

34 esual (Up}. lEnd}iwo) )™

3

36 /c.(End} (Down}™

7

38 /fcT(Right}(RIght}™(RIght}(RIghthCEdIt} (1ome) iDel ) ¢Lebt}(Lett)

39

40 (RQ(I))

4l

420 \w

43 opq

44 alt s

45 agrRCONST2”™ ALT R /pD#X"309PQ

46

a7 I

48 99pQ JPPRH™ACLLRISITCPIQ

49

S0

St pa

52 9pQ

53 agRCONS12™AGDY

S¢

55

6L
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Appendix G

Program Listing for Gas Database Regression Analysis



VOO NV WN =

0.193360
0.140591
<0.01491

Y=EMg

L= S
500 0.523517
750 0.453961
1000 0.447921
1500 0.439369
2000 0.385022
2500 0.327484
3000 0.286547
3500 0.241829
4000 0.202614

mMoOMNnm>
w00

1000 1500

0.136173 0.109983
0.144277 0.139809
-0.01638 -0.01478

X=T
Y=EMg
500 0.523517
750 0.453961
1000 0.447921
1500 0.439369
2000 0.385022
2500 0.327484
3000 0.286547
3500 0.261829
4000 0.202614

3.308267
Y

-0.00000
-0.00008

4400
0.547211
-3437500

0.541449
-0.00007
-0.00000

0.082221 0.057915
0.129614 0.116838
-0.01381 -0.01258

X=T X~2
500 250000
750 562500

1000 1000000
1500 2250000
2000 4000000
2500 6250000
3000 9000000
3500 12250000
4000 16000000

......................................................

18750 51562500
X X#2

3000 3500 4000 750

0.044245 0.034452 0.024206 0.150427
0.099847 0.083375 0.074278 0.146890
-0.01027 -0.00838 -0.00771 -0.01723

x~3 X4 ° XY x~2y
1.3e408 6.2€+10 261.7587 130879.3
4.2E+08 3.2E+11 340.4708 255353.1
1.0E+09 1.0E+12 447.9210 447921.0
3.4E+09 S.1E+12 659.0545 988581.8
8.0E+09 1.6E+13 770.0440 1540088.
1.6E+10 3.9€+13 818.7107 2046776.
2.TE+10 8.1E+13 859.6425 2578927.
4.3E+10 1.5E+14 846.4041 2962414.
6.4E+10 2.6E+14 810.4573 3241829.

1.6E+11 5.5E+14 5814.464 14192772
X#3 X#té XY xn2y

X=T Y calc Y actzEg
500 0.501608 0.523517

750 0.481372 0.453961
1000 0.460928 0.447921
1500 0.419410 0.439369
2000 0.377054 0.385022
2500 0.333860 0.327484
3000 0.289827 0.286547
3500 0.244957 0.241829
4000 0.199248 0.202614

...................................................................................................

N o T 3

Y calc
0.338609
0.290875
0.250150
0.216436
0.175279
0.145563
0.120009
0.098618

ToE



VNV WN =

EMISSIVITY OF H20: ACTUAL VS ESTIMATED

FT*ATM
P*L

-
.

ACTUAL
0.15
0.185
0.205
0.25
0.275
0.3
0.34
0.36
0.42
0.46

................................................................................................................................

.........................................................................................................

500 500 500

ACTUAL ESTIMATED DELATA
0.19 0.210042 -10.55%
0.23 0.223805 2.69%
0.25 0.237240 5.10%
0.29 0.263129 9.27X
0.31 0.287710 7.19%
0.33 0.310982 5.76%
0.38 0.363437 4.36%
0.41 0.407712 0.56%
0.46 0.471726 -2.55%
0.53 0.501608 5.36%
5.36%

2500 2500 2500

ACTUAL ESTIMATED DELATA
0.065 0.081 -25.11%
0.088 0.092 -5.02%
0.105 0.103 1.65%
0.13 0.124 4.44%
0.155 0.144 6.98%
0.17 0.163 4.03%
0.21 0.206 1.80%
0.23 0.243 -5.69%
0.29 0.298 -2.82%
0.33 0.334 117X
5.87x

ACTUAL
0.05
0.07

0.083
0.108
0.125
0.14
0.177
0.2

AN Al AJ AK AL
TEMPERATURE DEGREES R

750 750 1000 1000 1000

ESTIMATED DELTA  ACTUAL ESTIMATED DELATA
0.189274 -26.18% 0.13 0.169841  -30.65%
0.202912 -9.68% 0.175 0.183296 -4.76%
0.216229 -5.48% 0.19 0.196436 -3.39%
0.241898 3.26X 0.235 0.221772 5.63%
0.266282 3.17X°  0.26 0.245850 5.44%
0.289380 3.54% 0.28 0.268671 4.05%
0.341501 <0.44X 0.325 0.320219 1.47X
0.385588 71X 0.35 0.363905 -3.97x
0.449656 -7.06% 0.4 0.427693 -6.92%
0.481372 -4.65%  0.455 0.460928 -1.30%
7.05% 6.76%

3000 3000 3500 3500 3500

ESTIMATED DELATA  ACTUAL ESTIMATED DELATA
0.063 -25.03x 0.039 0.049 -25.77X
0.072 -3.35% 0.053 0.057 -8.27X
0.082 1.24X 0.067 0.066 2.18%
0.101 6.90Xx 0.088 0.081 7.61%
0.118 5.38X 0.105 0.0%96 8.25%
0.135 3.48% 0.115 0.1 3.78%
0.173 2.01% 0.15 0.143 4.48%
0.206 -3.18% 0.16 0.171 -7.11%
0.256 -6.62% 0.2 0.214 -7.00%
0.290 0.06X 0.245 0.245 0.02%
5.72% 7.45%

1500 1500 1500

ACTUAL ESTIMATED DELATA
0.115 0.134988 -17.38%
0.14 0.147895 -5.64%
0.165 0.160506 2.72%
0.2 0.184835 7.58%
0.23 0.207976 9.58%
0.25 0.229929 8.03%
0.295 0.27961 5.22%
0.32 0.321866 -0.58%
0.38 0.384091 -1.08%
0.445 0.419410 5.75%
6.36%

4000 4000 4000

ACTUAL ESTIMATED DELTA
0.03 0.041  -36.44%
0.042 0.048 -13.16%
0.053 0.054 -1.85%
0.07 0.066 5.04%
0.085 0.078 7.77%
0.098 0.090 8.41%
0.12 0.116 3.56%
0.14 0.138 1.30%
0.17 0.173 -1.51%
0.205 0.199 2.81%
8.19%

2000 2000 2000
ACTUAL ESTIMATED DELATA
0.088 0.105482 -19.87
0.115 0.117604 -2.26
0.135 0.129451 4N
0.16 0.152320 4.80
0.19 0.174089 8.37
0.21 0.194757 7.26
0.25 0.241614 3.35
0.285 0.281593 1.20
0.33 0.340922 -3.5
0.39 0.377054 3.32
5.79

<0¢
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H20

T, R
500

mMoonom>»
n oo oo

.................................................................................

-0.01491
0.066708
4.954584
0.239271
-3.07878

0.193360
0.140591
<0.01491

EMg
0.200352

c 0 E
-{?7)(Down)/XG\A-

Y=EMg X=P*L X~2
0.19 0.2 0.04
0.23 0.3 0.09
0.25 0.4 0.16
0.29 0.6 0.36
0.31 0.8 0.64
0.33 1 1
0.38 1.5 2.25
0.41 2 4
0.46 3 9
0.53 ] 25
3.38 14.8 42.54

Y X X#2
T
500
Y=A+B*X=C*X*X

Y=EMg X=P*L X2
0.13 0.2 0.04

0.175 0.3 0.09
0.19 0.4 0.16

0.235 0.6 0.36
0.26 0.8 0.64
0.28 1 1

0.325 1.5 2.25
0.35 2 4

X*4 Xy
0.0016 0.038
0.0081 0.069
0.0256 0.1

0.1296 0.174
0.4096 0.248
1 0.33
5.0625 0.57
16 0.82

81 1.38
625 2.65

0.272346 0.29
0.296289 0.31
0.319039 0.33
0.370695 0.38
0.414895 0.41
0.480926 0.46
0.523517 0.53
0.451638

X4 Xy
0.0016 0.026

0.0081 0.0525
0.0256 0.076
0.1296 0.141
0.4096 0.208

1 0.28

5.0625 0.4875
16 0.7

x~2y
0.0076
0.0207
0.04
0.1044
0.198¢4
0.33
0.855
1.64
U [

0.0052
0.01575
0.0304
0.0846
0.1664
0.28
0.73125
1.4

-t ot D ) wd wd wd b b B

- ed ad ad b ad b b B

€0
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oL
0.05

-0.01638
0.063093
4.954584
0.186621
-3.07878

0.136173
0.144277
-0.01638

EMg
0.200352

D E
3 9
5 25
14.8 42.54
X X#2
T
1000

Y=A+B*X=C*X*X

-
.

Xy
0.023
0.042
0.066

0.12
0.184
0.25
0.4425
0.64
1.1
2.225

x~2vy
0.0046
0.0126
0.0264
0.072
0.1472
0.25
0.66375
1.28
3.62
11.125

mMOoO N mD>®»

a0 N

-0.01478
0.066548
4.954584
0.155507
-3.07878

42.54
X X#2

Y=A+B*X=C*X*X

F G

27 81
125 625
165.202 728.637
X#3 X#é
Xstm Y calc
0.2 0.164373
0.3 0.177982
0.4 0.191263
0.6 0.216841
0.8 0.241108

1 0.264065

1.5 0.315722

2 0.359186

3 0.421535

5 0.447921

X*3 X4
0.008 0.0016
0.027 0.0081
0.064 0.0256
0.216 0.1296
0.512 0.4096
1 1
3.375 5.0625
8 16

27 81
125 625
165.202 728.637
X#3 X#b
X=Lm Y calc
0.2 0.137354
0.3 0.150595
0.4 0.163541
0.6 0.188546
0.8 0.212367

5.1325
Xy

Y act=Eg
0.115
0.14
0.165
0.2

0.23

17.00155
X#2y



87 a = 0.109983 : 1 0.235006 0.25

88 b = 0.139809 1.5 0.286428 0.295

89 c = -0.01478 2 0.330456 0.32

90 3 0.396333 0.38

(4] P*L EMg 5 0.439369 0.445

92 0.05 0.200352

93

Q4 ccccccene cmccccs ciieccee cececeie cnnicnen seieeccs ceiecies cecccccc cdeecan cceeea-an
95

96 T, R Y=EMg X=P*L X~2 X*3 X*4 XY X2y N
97 2000 0.088 0.2 0.04 0.008 0.0016 0.0176 0.00352 1
98 0.115 0.3 0.09 0.027 0.0081 0.0345 0.01035 1
99 0.135 0.4 0.16 0.064 0.0256 0.054 0.0216 1
100 0.16 0.6 0.36 0.216 0.1296 0.096 0.0576 1
101 0.19 0.8 0.64 0.512 0.409 0.152 '0.1216 1
102 0.21 1 1 1 1 0.21 0.21 1
103 0.25 1.5 2.25 3.375 5.0625 0.375 0.5625 1
104 0.285 2 4 8 16 0.57 1.14 1
105 0.33 3 9 27 81 0.99 2.97 1
106 0.39 5 25 125 625 1.95 9.75 1
107 -ecececme commmman cmccc-an cocc-ice ceccccee oo eecems memccace cccececs cocccces cocecee-e
108 2000 2.153 14.8 42.54 165.202 728.637 4.4491 14.84717 10
109 Y X X#2 X#3 X#6 Xy X#2y N
110

m A = -0.01381 T XsLm Y calc Y act=Eg

112 8 = 0.061187 2000 0.2 0.107592 0.088

113 C = 4.954584 0.3 0.119863 0.115

114 0 = 0.124742 Y=A+B*X=C*X*X 0.4 0.131858 0.135

115 E = -3.07878 0.6 0.155018 0.16

116 0.8 0.177074 0.19

17 a = 0.082221 1 0.198025 0.21

118 = 0.129614 1.5 0.245569 0.25

119 c = -0.01381 2 0.286207 0.285

120 3 0.346767 0.33

121 P*L EMg 5 0.385022 0.39

122 0.05 0.200352

123 e--=---ee mcemooo- mccceo moc-ocec c-ce-eo- sl momiooon cocmcees c--ec-e- cocecee-
124

125 T, R Y=EMg X=P*L X*2 X*3 X4 Xy X2y N
126 2500 0.065 0.2 0.04 0.008 0.0016 0.013 0.0026 1
127 0.088 0.3 0.09 0.027 0.0081 0.0264 0.00792 1
128 0.105 0.4 0.16 0.064 0.0256 0.042 0.0168 1
129 0.13 0.6 0.36 0.216 0.129 0.078 0.0468 1



130 0.155 0.8 0.64 0.512 0.4096 0.126 0.0992 1
131 0.17 1 1 1 1 0.17 0.17 1
132 0.21 1.5 2.25 3.375 5.0625 0.315 0.4725 1
133 0.23 2 4 8 16 0.46 0.92 1
134 0.29 3 9 27 81 0.87 2.61 1
135 0.33 ) 25 125 625 1.65 8.25 1
136 ------ ®ee mo-----e ssssseen c-m----- --ecsees sesseess mem-momo- mo---o-e sessssss ceem-nmn-
137 2500 1.773 14.8 42.56 165.202 728.637 3.7484 12.59582 10
138 Y X X#2 X#3 X#th XY X#2y N
139

140 A = -0.01258 T X=Lm Y calc Y act=Eg

161 B = 0.054485 2500 0.2 0.080779 0.065

1462 C = 4.954584 0.3 0.091834 0.088

1463 0 = 0.096661 Y=A+B*X=C*X*X 0.4 0.102637 0.105

1%4 E = -3.07878 0.6 0.123487 0.3 °

145 0.8 0.1463331 0.155

146 a = 0.057915 1 0.162168 0.17

167 b = 0.116838 1.5 0.204857 0.21

148 c = -0.01258 2 0.2461252 0.23

149 3 0.295166 0.29

150 P*L EMg 5 0.327484 0.33

151 0.05 0.200352

152

153 -----ceee emceciin ciciien cociecee cecenenc mociiios cescsecs ceennnon -occ-oas ccccce-e
154 1. R Y=EMg X=P*L X2 X3 X~4 XY X*2y N
155 3000 0.05 0.2 0.04 0.008 0.0016 0.01 0.002 1
156 0.07 0.3 0.09 0.027 0.0081 0.021 0.0063 1
157 0.083 0.4 0.16 0.064 0.0256 0.0332 0.01328 1
158 0.108 0.6 0.36 0.216 0.1296 0.0648 0.03888 1
159 0.125 0.8 0.64 0.512 0.4096 0.1 0.08 1
160 0.14 1 1 1 1 0.14 0.14 1
161 0.177 1.5 2.25 3.375 5.0625 0.2655 0.39825 1
162 0.2 2 4 8 16 0.4 0.8 1
163 0.24 3 9 27 81 0.72 2.16 1
164 0.29 5 25 125 625 1.45 7.25 1
165 ------cce mm--ee-s smeec-os cciceces sececses ccenenon cm-cenes e---cseoe s--e-eoe cecceees
166 3000 1.483 14.8 42.54 165.202 728.637 3.2045 10.88871 10
167 Y X X#2 X#3 x#4 Xy X#2Y N
168

169 A = -0.01027 T X=Lm Y calc Y act=Eg

170 B = 0.048927 3000 0.2 0.063804 0.05

m C = 4.954584 0.3 0.073275 0.07

172 D = 0.075887 Y=A+B*X=C*X*X 0.4 0.082540 0.083



173
174

176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
19
195
196
197
198

200
201
202
203
204
205
206
207
208
209
210
21
212
213
214
215

..........................................................................................

oo
(LI [ )

PeL
0.05

T, R
3500

.................................................................................

mMoOoOm>
noo nnn

PaL
0.05

= -3.07878

0.044245
0.099847
-0.01027

EMg
0.200352

-0.00838
0.041855
4.954584
0.060253
-3.07878

0.034452
0.083375
-0.00838

EMg
0.200352

-

Y=A+B*X=C*X*X

X*3
0.008
0.027
0.064
0.216
0.512

1
3.375
8

27
125

165.202
X#3

X=L

0.
0
0.
0.
0.

m
2
3
4
6
8
1
1.5
2
3
5

0.1296

.081461

167683
.209159
.261829

Xy
0.0078
0.0159
0.0268
0.0528

0.084
0.115
0.225
0.32
0.6

x*2y
0.00156
0.00477
0.01072
0.03168
'0.0672
0.115
0.3375
0.64

9.13343
X2y



216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

237
238
239
240
241
242
243
244
245
246
2467
248
249
250
251
252
253
254
255
256
257
258

.................................................................................

-0.0077
0.036032
4.954584
0.047972
-3.07878

0.024206
0.074278
<0.00771

EMg
0.200352

C 0 E
Y=EMg X=P*L X2
0.03 0.2 0.04
0.042 0.3 0.09
0.053 0.4 0.16
0.07 0.6 0.36
0.085 0.8 0.64
0.098 1 1
0.12 1.5 2.25
0.14 2 4
0.17 3 9
0.205 5 25
1.013 14.8 42.54
Y X X#2

T

4000

Y=A+B*X=C*X*X

728.637
X#h

Y calc
0.038753
0.045795
0.052682
0.065994
0.078688
0.090765
0.118255
0.141885

2.2428
Xy

Y act=Eg
0.03
0.042
0.053
0.07
0.085
0.098
0.12
0.1

7.67606 10
Xn2vy N

.................................................................................

Y=EMg  X=P*L x~2

80E



259 750 0.15 0.2 0.04 0.008 0.0016 0.03 0.006 1
260 0.185 0.3 0.09 0.027 0.0081 0.0555 0.01665 1
261 0.205 0.4 0.16 0.064 0.0256 0.082 0.0328 1
262 0.25 0.6 0.36 0.216 0.1296 0.15 0.09 1
263 0.275 0.8 0.64 0.512 0.4096 0.22 0.176 1
264 0.3 1 1 1 1 0.3 0.3 1
265 0.34 1.5 2.25 3.375 5.0625 0.51 0.765 1
266 0.36 2 4 8 16 0.72 1.44 1
267 0.42 3 9 27 81 1.26 3.78 1
268 0.46 5 25 125 625 2.3 1.5 1
269 --cccccc- cecccco cececcce cecctces sieiecon cnccceece cecccces ccccccee R LR
270 750 2.945 14.8 42.54 165.202 728.637 5.6275 18.10645 10
2N Y X X#2 X#3 X#4 XY X#2Y N
272

273 A = -0.01723 T X=Lm Y calc Y act=Eg

274 B8 = 0.061489 750 0.2 0.179115 0.15

275 C = 4.954584 0.3 0.192942 0.185

276 0 = 0.203495 Y=A+B*X=C*X*X 0.4 0.206425 0.205

277 € = -3.07878 0.6 0.232356 0.25

278 0.8 0.256908 0.275

279 a = 0.150427 1 0.280080 0.3

280 b = 0.146890 1.5 0.331980 0.34

281 c = -0.01723 2 0.375261 0.36

282 3 0.435968 0.42

283 S 0.453961 0.46



..........................................................................................

CONST 500 1000 1500 2000 2500 3000 3500 4000 4500
a 0.113014 0.085994 0.097287 0.094390 0.077821 0.061488 0.049351 0.039099 0.072831
b 0.038437 0.045063 0.047224 0.059833 0.060663 0.056025 0.045795 0.036061 0.140905
c -0.00432 -0.00570 -0.00544 -0.00743 -0.00717 -0.00637 -0.00480 -0.00344 -0.04336
C 0,
Y=EMg X=T1

L= 5 Y=EMg X=1 X*2 X3 X6 XY x~2y
500 0.197053 500 0.197053 500 250000 1.3E+08 6.2E+10 98.52694 49263.47
1000 0. 168575 1000 0.168575 1000 1000000 1.0E+09 1.0E+12 168.5753 168575.3
1500 0. 197184 1500 0.197184 1500 2250000 3.4E+09 S.1E+12 295.7766 443664.9
2000 0.207588 2000 0.207588 2000 4000000 B8.0E+09 1.6E+13 415.1764 830352.9
500 0.770401 5000 7500000 1.3€E+10 2.2E+13 978.0554 1491856.
Y X X#2 X#3 X#é Xy X#2y
L= S Y=EMg X=T X~2 X*3 X~4 XY X~2y
2500 0.201876 2500 0.201876 2500 6250000 1.6E+10 3.9E+13 504.6909 1261727.
3000 0.182318 3000 0.182318 3000 9000000 2.7E+10 B8.1E+13 546.9544 1640863.
3500 0.158272 3500 0.158272 3500 12250000 &.3E+10 1.S5€+14 553.9544 1938840.
4000 0.133189 4000 0.133189 4000 16000000 6.4E+10 2.6E+14 532.7577 2131031.
500 0.675656 13000 43500000 1.S5E+11 S5.3E+14 2138.357 6972462.
Y X X#2 X#3 X#é XY X#2Y

A = 0.000000 A = -0.00000 =} Y calc Y act=Eg

8 = 0.000012 B8 = -0.00004 500 0.193289 0.197053

Cs= 2500 C= 6500 1000 0.179869 0.168575

0 = 0.177547 0 = 0.318483 1500 0.185890 0.197184

E = -1250000 E = -1.0€+07 2000 0.211352 0.207588

2500 0.202048 0.201876

a = 0.226150 a = 0.261851 3000 0.181800 0.182318

b = -0.00008 b = -0.00001 3500 0.158790 0.158272

¢ = 0.000000 c = -0.00000 4000 0.133016 0.133189

(183



OO NOWVESEWN =

ALT 2 :
/CL~LM~(Calc)(GoTo)LL~/RVC~~(GoTo)L~(Down}/RNCL~(BS)~
(GoTo)LL~/M(End)(Down)~{Down)~{Down)

ALT X /M~(End)(Right)(Right)~
(Down)/M{End){Down)~(Up)~{Up)
/RNCLL~(BS)~
EMISSIVITY OF CO2: ACTUAL VS ESTIMATED

1500

DELTA

-4.28%
3.97x
9.81%
7.94%
7.32%
8.39%
6.23%
3.41%

-1.94X

2000 2000

ACTUAL ESTIMATED

0.095 0.108543
0.108 0.114090

-

8

2 0.119492
3 0.129861
5 0.139650
5 0.148860
7 0.169349
8 0.186215
0.209083

2000

DELTA

-14.26%
-5.64%
0.42%
0.11%
3.69%
3.96%
0.38%
-3.45%
-4.56%

FT*ATM TEMPERATURE DEGREES R

P*L 500 500 500 1000 1000 1000 1500 1500
LL ACTUAL ESTIMATED DELTA  ACTUAL ESTIMATED DELTA  ACTUAL ESTIMATED
0.2 0.108 0.118045 -9.30X 0.085 0.102230 -20.27X 0.095 0.099063
0.3 0.12 0.121737 -1.45% 0.095 0.106256 -11.85X 0.108 0.103707
0.4 0.13 0.125339 3.58Xx 0.105 0.110180 -4.93X ° 0.12 0.108231
0.6 0.14 0.132272 5.52%X 0.115 0.117720 -2.37%  0.127 0.116917
0.8 0.15 0.138843 7.44X  0.125 0.124850 0.12X 0.135 0.125120

1 0.152 0.145052 4.57x 0.132 0.13157 0.32X 0.145 0.132840

1.5 0.165 0.158993 3.64X  0.142 0.146577 -3.22% 0.16 0.150029

2 0.17 0.170673 -0.40X  0.152 0.159021 -4.62% 0.17 0.164202

3 0.18 0.187253 -4.03X 0.162 0.176221 -8.78% 0 18 0.183498

5 0.2 0.193289 3.36X 0.171 0.179869 -5.19% 0.2 0.185890

7.05%

.
- N

0.21 0.211352

-0.64%

L 2500 2500 2500 3000 3000 3000 3500 3500

ACTUAL ESTIMATED DELTA  ACTUAL ESTIMATED DELTA  ACTUAL ESTIMATED

0.2 0.08 0.089610 -12.01X 0.064 0.072608 -13.45X 0.052 0.058148
0.3 0.09 0.095346 -5.94X 0.074 0.077808 -5.15% 0.06 0.062571
0.4 0.1 0.100937 -0.94x 0.083 0.082884 0.14X 0.067 0.066896
0.6 0.119 0.111687 6.15% 0.096 0.092661 3.48% 0.079 0.075247
0.8 0.128 0.121859 4.80X 0.108 0.101941 5.61X 0.087 0.083203
1 0.138 0.131453 4.74% 0.119 0.110723 6.96X 0.094 0.090763
1.5 0.158 0.152912 3.22% 0.133 0.130499 1.88% 0.11 0.107929
2 0.168 0.170762 -1.64%  0.148 0.147164 0.56X 0.12 0.122620
3 0.185 0. 195630 -5.75%  0.163 0.171157 -5.00X 0.138 0.144577
5 0.205 0.202048 1.44X 0.185 0.181800 1.73% 0.16 0.158790

3500

DELTA

-11.82%
-4.29%
0.15%
4.75%
4.36%
3.446%
1.88%
-2.18%
6. 77X
0.76%

4000 4000

ACTUAL ESTIMATED

0.04 0.046230

0. 7 0.097132
0.11 0.115892
0.135 0.133016

4000

DELTA

-15.58%
-3.41%
0.05%
4.12%
4.86X
5.82%
3.18%
-0.14X%
-5.36%
1.47X

[383



OO NOWVESWN =

.................................................................................

-0.00432
0.017004
4.954584
0.126333
-3.07878

0.113014
0.038437
-0.00432

EMg
0.114925

c o . 3

-{73(Dosn)/XG\A~
Y=EMg X=P*L X2
0.108 0.2 0.04
0.12 0.3 0.09
0.13 0.4 0.16
0.14 0.6 0.36
0.15 0.8 0.64
0.152 1 1
0.165 1.5 2.25
0.17 2 4
0.18 3 9
0.2 5 25
1.515 1%.8 42.54
Y X X#2

T

500

Y=A+B*X=C*X*X

Y=EMg X=P*L X~
0.085 0.2 0.04
0.095 0.3 0.09
0.105 0.4 0.16
0.115 0.6 0.36
0.125 0.8 0.64
0.132 1 1
0.162 1.5 2.25

X*3
0.008
0.027
0.064
0.216
0.512

1
3.375
8

27
125

165.202
X#3

x

[N - -1 — ]

* o o o o [ oy
VVWVWNWV=a00D0 S WN 3

-
.

X~4
0.0016
0.0081
0.0256
0.1296
0.4096

1
5.0625
16

81
625

728.637
X#4

Y calc
0.120529
0.126156

0.127697

0. 134520
0. 140996
0.147126
0.160938
0.172586
0.189394
0.197053
0.182071

X*4
0.0016
0.0081
0.0256
0.1296
0.4096

1
5.0625

2.5931
Xy

Y act=Eg
0.108
0.12
0.13
0.14
0.15
0.152
0.165
0.17
0.18
0.2

x*2y
0.00432
0.0108
0.0208
0.0504
0.096
0.152
0.37125
0.68
1.62

8.00557
x#2v

x*2y
0.0034
0.00855
0.0168
0.0414
0.08
0.132
0.3195

- eed D d ad b - B

[4¢3
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40 0.152 2 4 8 16 0.304 0.608 1
41 0.162 3 9 27 81 0.486 1.458 1
42 0.171 5 25 125 625 0.855 4.275 1
Q3 -eccccccs cmimcice ceciicer cecccces tecccace ciciicit cciccicn cccaccac ececeeee ceseeses
44 1000 1.284 14.8 42.54 165.202 728.637 2.2465 6.94265 10
45 Y X X#2 X#3 X#4 XY xw2y N
46

47 A = -0.00570 T X=lm Y calc Y act=Eg

48 8 = 0.016775 1000 0.2 0.094778 0.085

49 C = 4.954584 0.3 0.098999 0.095

50 0 = 0.103572 Y=A+B*X=C*X*X 0.4 0.103105 0.105

51 E = -3.07878 0.6 0.110976 0.115

52 0.8 0.118390 0.125 °

53 a = 0.085994 1 0.125348 0.132

54 = 0.045063 1.5 0.140742 0.142

55 c = -0.00570 2 0.153283 0.152

56 3 0.169799 0.162

57 P*L EMg 5 0.168575 0.1

58 0.05 0.114925

59

60

61 --------- seeccce- c-ccci- csocooo- sscecece ceccecce ccecceno momomooc c--cecee ceccccee
62

63 T, R Y=EMg X=P*L X2 X3 } Sl XY xX~2y N
64 1500 0.095 0.2 0.04 0.008 0.0016 0.019 0.0038 1
65 0.108 0.3 0.09 0.027 0.0081 0.0324 0.00972 1
66 0.12 0.4 0.16 0.064 0.0256 0.048 0.0192 1
67 0.127 0.6 0.36 0.216 0.1296 0.0762 0.04572 1
68 0.135 0.8 0.64 0.512 0.4096 0.108 0.0864 1
69 0.145 1 1 1 1 0.145 0.145 1
70 0.16 1.5 2.25 3.375 5.0625 0.24 0.36 1
n 0.17 2 4 8 16 0.34 0.68 1
7 0.18 3 9 27 81 0.54 1.62 1
3 0.2 5 25 125 625 1 H 1
T4 ~-cccccee ccceceen ceccccee cecccnee secccces coteccns mac-ocas cceccecs ceeccccs cccecce-
75 1500 1.44 14.8 42.54 165.202 728.637 2.5486 7.96984 10
76 Y X X#2 X#3 X#6 Xy X#2Y N
144

78 A = -0.00544 T X=lm Y calc Y act=Eg
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9N

93
9%

97
98

100
101
102
103
104
105
106
107
108
109
110
m
112
113
114
115
116
"7

..........................................................................................

PeL
0.05

.................................................................................

T,

2000

0.020226
4.954584
0.114064
-3.07878

0.097287
0.047224
-0.00544

EMg
0.114925

-0.00743
0.022977
4.954584
0.117293
-3.07878

0.094390
0.059833
-0.00743

Y=A+B*X=C*X*X

14.8 4

Y=A+B*X=C*X*X

2.54
X#2

X“4
0.0016
0.0081
0.0256
0.1296
0.4096

1
5.0625
16

81

728.637
X#4

Y calc

XY
0.019
0.0324
0.048
0.078
0.116
0.155
0.255
0.36
0.6
1.05

2.7134
Xy

Y act=Eg
0.095
0.108

0.12
0.13
0.145
0.155
0.17
0.18
0.2

X~2vy
0.0038
0.00972
0.0192
0.0468
0.0928

yie
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118 P*L EMg 5 0.207588 0.21

119 0.05 0.114925

120 --------- -vc----- cecceces ceccnioc ccecieos soo-ooos coecceee ceececos moo-ooss coceaooo
121

122 T, R Y=EMg X=P*L X2 Xx*3 } XY X~2y N
123 2500 0.08 0.2 0.04 0.008 0.0016 0.016 0.0032 1
126 0.09 0.3 0.09 0.027 0.0081 0.027 0.0081 1
125 0.1 0.4 0.16 0.064 0.0256 0.04 0.016 1
126 0.119 0.6 0.36 0.216 0.1296 0.07146 0.04284 1
127 0.128 0.8 0.64 0.512 0.4096 0.10246 0.08192 1
128 0.138 1 1 1 1 0.138 0.138 1
129 0.158 1.5 2.25 3.375 5.0625 0.237 0.3555 1
130 0.168 2 4 8 16 0.336 *0.672 1
131 0.185 3 9 27 81 0.555 1.665 1
132 0.205 ) 25 125 625 1.025 5.125 1
133 --------c eecceen momccies ceceecis cocciooc scceeien cmcm-oos ceeceecs comocoo- ce--e-eo
134 2500 1.3 14.8 42.54 165.202 728.637 2.5478 8.10756 10
135 Y X X#2 X#3 X XY X#2y N
136

137 A = -0.00717 T XsLm Y calc Y act=Eg

138 8 = 0.025136 2500 0.2 0.089667 0.08

139 C = 4.954584 0.3 0.095375 0.09

140 D = 0.099897 Y=A+B*X=C*X*X 0.4 0.100939 0.1

141 E = -3.07878 0.6 0.111638 0.119

142 0.8 0.121763 0.128

143 a = 0.077821 1 0.131314 0.138

144 b = 0.060663 1.5 0.152682 0.158

145 c = -0.00717 2 0.170466 0.168

146 3 0.195277 0.185

147 P*L EMg 5 0.201876 0.205

148 0.05 0.114925

149

150 ------c--- cecccces c-cm-ooo co-iccee ccceccce comnceee cemcmoos Soscsces secennno m-nenees
151 T, R Y=EMg X=P*L X"2 X*3 X4 XY X~2y N
152 3000 0.064 0.2 0.04 0.008 0.0016 0.0128 0.00256 1
153 0.074 0.3 0.09 0.027 0.0081 0.0222 0.00666 1
154 0.083 0.4 0.16 0.064 0.0256 0.0332 0.01328 1
155 0.096 0.6 0.36 0.216 0.1296 0.0576 0.03456 1
156 0.108 0.8 0.64 0.512 0.4096 0.0866 0.06912 1

¢
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157 0.119 1 1 1 1 0.119 0.119 1
158 0.133 1.5 2.25 3.375 5.0625 0.1995 0.29925 1
159 0.148 2 4 8 16 0.296 0.592 1
160 0.163 3 9 27 81 0.489 1.467 1
161 0.185 S 25 125 625 0.925 4.625 1
162 -----eec- cmccc-cc ccccccen oiccccn cceccces sescccan commion cscoeccn coc-ceel cecceces
163 3000 1.173 14.8 42.54 165.202 728.637 2.2407 7.22843 10
164 Y X X#2 X#3 X#4 Xy X#2vy N
165

166 A = -0.00637 T X=Lm Y calc Y act=Eg

167 B8 = 0.024455 3000 0.2 0.072438 0.064

168 C = 4.954584 0.3 0.077722 0.074

169 D = 0.081106 Y=A+B8*X=C*X*X 0.4 0.082879 0.083

170 E = -3.07878 0.6 0.092809 0.096

171 0.8 0.102230 0.108

172 a = 0.061488 1 0.111141 0.119

173 b = 0.056025 1.5 0.131189 0.133

176 c = -0.00637 2 0.148051 0.148

175 3 0.172217 0.163

176 P*L EMg 5 0.182318 0.185

177 0.05 0.114925

178 eeeees ee sececcte mmmmmmea mececces smcmmase mecacces semmemen smmmmman
179 T, R Y=EMg X=P*L xX~2 X*3 X~4 XY X~2y N
180 3500 0.052 0.2 0.04 0.008 0.0016 0.0104 0.00208 1
181 0.06 0.3 0.09 0.027 0.0081 0.018 0.0054 1
182 0.067 0.4 0.16 0.064 0.0256 0.0268 0.01072 1
183 0.079 0.6 0.36 0.216 0.1296 0.0474 0.02844 1
184 0.087 0.8 0.64 0.512 0.4096 0.0696 0.05568 1
185 0.094 1 1 1 1 0.094 0.094 1
186 0.1 1.5 2.25 3.375 5.0625 0.165 0.2475 1
187 0.12 2 4 8 16 0.24 0.48 1
188 0.138 3 9 27 81 0.414 1.262 1
189 0.16 S 25 125 625 0.8 4 1
190 <-------- ccccccee cececnce covmanan meccccan cccccees cnccmnce ceeccenn cec-ccas c-meenee
191 3500 0.967 14.8 42.546 165.202 728.637 1.8852 6.16582 10
192 Y X X#2 X#3 X#6 Xy X#2vy N
193

194 A = -0.00480 T XsLm Y calc Y act=Eg

195 8 = 0.022002 3500 0.2 0.058318 0.052

91E
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196 C = 4.954584 0.3 0.062657 0.06

197 0 = 0.064136 Y=A+B*X=C*X*X 0.4 0.066901 0.067

198 E = -3.07878 0.6 0.075099 0.079

199 0.8 0.082914 0.087

200 a = 0.049351 1 0.090344 0.094

201 b = 0.045795 1.5 0.107239 0.1

202 c = -0.00480 2 0.121733 0.12

203 3 0.143517 0.138

204 P*L EMg 5 0.158272 0.16

205 0.05 0.114925

206

207

208 --cec--c- ceeciiee ceeecencs meicis ceicieie ccceeces cececccn cccceeee Jecencen cmmmaee-
209 T, K Y=EMg X=P*L x~2 X3 X~4 Xy x~2y N
210 4000 0.04 0.2 0.04 0.008 0.0016 0.008 0.0016 1
21 0.048 0.3 0.09 0.027 0.0081 0.0144 0.00432 1
212 0.053 0.4 0.16 0.064 0.0256 0.0212 0.00848 1
213 0.062 0.6 0.36 0.216 0.1296 0.0372 0.02232 1
214 0.069 0.8 0.64 0.512 0.4096 0.0552 0.04416 1
215 0.076 1 1 1 1 0.076 0.076 1
216 0.088 1.5 2.25 3.375 5.0625 0.132 0.198 1
27 0.097 2 4 8 16 0.194 0.388 1
218 0.1 3 9 27 81 0.33 0.99 1
219 0.135 5 25 125 625 0.675 3.375 1
220 ++---=--- ss-c---- cccceccc ciccecee cemeecen coccco-e eetecvon ccccccns svescccs ccccccee
221 4000 0.778 14.8 42.54 165.202 728.637 1.543 5.10788 10
222 Y ) § X#2 XK3 X#th XY X#ey N
223

224 A = -0.00344 T X=L Y calc Y act=Eg

225 8 = 0.018974 4000 .066173 0.04

226 C = 4.954584 .049607 0.048

227 D = 0.049717 Y=A+B*X=C*X*X .052972 0.053

228 E = -3.07878 059495 0.062

229 .065741 0.069

230 a = 0.039099 071712 0.076

231 b = 0.036061 .085432 0.088

232 c = -0.00344 .097428 0.097

233

234 PeL EMg

Lig
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235 0.05 0.114925

236 ccccccccc ceccceee ecceeann cmmmccce saceeccn coccmacs sssccese semcencs mmmceacs cacecse-
237 T, K Y=EMg X=P*L X2 Xx*3 X*4 XY x~2y N
238 4500 0.045 0.1 0.01 0.001 0.0001 0.0045 0.00045 1
239 0.075 0.15 0.0225 0.003375 0.000506 0.01125 0.001687 1
240 0.1 0.2 0.04 0.008 0.0016 0.02 0.004 1
241 0.155 0.6 0.36 0.216 0.1296 0.093 0.0558 1
242 0.155 1 1 1 1 0.155 0.155 1
243 0.155 0.4 0.16 0.064 0.0256 0.062 0.0248 1
2464 0.155 0.8 0.64 0.512 0.4096 0.126 0.0992 1
245 0.155 0.3 0.09 0.027 0.0081 0.0465 0.01395 1
246 0.155 1.5 2.25 3.375 5.0625 0.2325 0.34875 1
247 0.2 2 4 8 16 0.4 " 0.8 1
248 --eecceee ccciiiie meccien teccicee cicciee sacesses ceccscen cccacess cecenccn ceceeee-
249 4500 1.35 7.05 8.5725 13.20637 22.63760 1.14875 1.503637 10
250 Y ) § X#2 X#3 X#4 Xy X#2y N
251

252 A = -0.046336 T X=tm Y calc Y act=Eg

253 B8 = 0.054688 4500 0.1 0.086488 0.045

254 C = 1.988413 0.15°0.092992 0.075

255 0 = 0.096444 Y=A+B*X=C*X*X 0.2 0.099278 0.1

256 E = -0.54458 0.6 0.141765 0.155

257 1 0.170377 0.155

258 a = 0.072831 0.4 0.122256 0.155

259 b = 0.140905 0.8 0.1578068 0.155

260 c = -0.04336 0.3 0.111201 0.155

261 1.5 0.186630 0.155

262 2 0.181203 0.2

263

81¢
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F/D

12

ij

Nomenclature

constant determined by the tube bundle
configuration and the amount of leakage air normal
to the tube bundle

weighting factor represents the fraction of black
body energy in the emitting/absorbing wavenumber
region associated with the absorption coefficient
xi

bounding surface area of the kiln volume
radiating surface area upon which F1z is based,
sq. ft.

area of second layer of refractory, m

new 'effective’' area in the equation for radiant
heat from the flame

surface area

0.193 for Re valnes.of 4,000 to 40,000

heat capacity of the gas

burner nozzle diameter, ft

kiln diameter, ft.

outer kiln diameter, m

solid bed depth (of fill)

fill ratio of F devided by D

view factor between surface 1 and surface 2

view factor from one surface area to another



i)
G'

cd
cdws
cvgs

cvgw

cvsh

rad
air

AHsolids

Angas

Iabsorbed

Iinitial

Itransnitted

[ o I o I - B
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the fraction of radiation leaving the first
surface which is intercepted by the second surface
gas mass flux Ks/m’hr

conductive heat transfer coefficient, W/mzl

HTC between the wall and solid bed

convective HTC from the gas to the solid bed
convective HTC from the gas to the wall

(Eq. 500-1)

outer shell convection HTC

radiant heat transfer coefficient (Eqm. 2-3.1), in
Btu/hr sq ft R

linearized .radiative HTC for the outer shell
enthalpy of the entering combustion gas and excess
air
change in enthalpy of the solids
change in enthalpy qf the combustion gas and
excess air
amount of energy attenunated by the gas for each
ray
energy initially emitted or reflected
energy that is transmitted through the gas to a
solid surface.

solids thermal diffusivity, n’/s
thermal conductivity of the gas, W/m
thermal conductivity of air W/m K

gas thermal conductivity W/m K



P

Q

or p

combd

Qshell loss

gi

absorption coefficient (depends on the pressure
and temperature of the gas)

solid thermal conductivity W/m K

thermal conductivity of refractory layer or shell,
L n/nzx

kiln length, m

mean beam length,, is an approximate
representation of the geometry of an isothermal
gas volume. Physically, the mean beam length is
the radius of an equivalent gas hemisphere which
radiates a flux to the center of its base equal to
the average flux radiated to the area of interest
by the actual volume of gas. (see Sectiom 4.5)
mass fired‘throngh the burner 1b/hr

additional flow at distance x due to recirculation
and entrainment

constant equal to 0.618

represents the specific or combined partial
pressures of CO2 and HZO

Prandl number = Cpu/x

heat conducted through kilnm wall

radisnt heat flow, Btu/hr

heat of combustion of the fuel

heat conducted through the wall and lost from the
outer shell

heat absorbed by surface i from the gas

32



Qi absorbed

Q.
18

ij

Q..
ji

AQ,
i
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rate at which the total radiation is emitted from
a surface i

heat absorbed by a surface i

energy originally emitted by surface i which is
absorbed by the gas

energy originally emitted by surface i

heat absorbed by surface i from the other
sufaces j

net radiant heat change for a surface (or the
gas), (Bq. 4.2-2)

inner kilan radius, m

kiln radiug for first layer of refractory, m
kiln radius for secoud layer of refractory, m
kiln radius for outer shell thickaness, m
inner kila radius, m

Reynolds number = prIu

ambient air temperature, K

surface temperature

outer hell temperature, K

inner wall surface temperature, K

temperature of surface 1, R

temperature of surface 2, R

volume in the kilam, ft3

gas velocity

distance from the burner nozzle, ft



Greek Letters

fraction of incident radiation which is absorbed

by a surface i or gas

absorptivity of the gas for its own radiation
solid bed half angle

surface or gas emissivity

new 'effective’ emissivity in the equation for

radiant heat from the flame

shell emissivity

emissivity of surface 1

emissivity of surface 2

surface or-gas reflectivity defines the fraction

reflected by an opaque solid, which is equal to

l-ai.

density of gas entrained in the jet, lb/ft3

density of jet streanm, lb/ft3

gas density

transmissivity of the gas is the fraction of
radiation transmitted equal to 1-08.

gas transmissivities (for black body radiation)
for beam lengths corresponding to the original
ray, and its first and second reflections
transmissivity of the gas for its own radiation,
given by = l-a'8

gas transmissivity for the solid radiation,
Stefan-Boltzmann radiation constant, W/n2 K4

viscosity, kg/m s

rev/s
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GLOSSARY
Absorptivity - The fractionm of total radiation incideat on a

surface that is absorbed.

Black body - Idealized body that absorbs all radiant emnergy
incident upon it and emits maximum possible radiation at a given

temperature.

Black body radiation - Theoretical rate of radiation from a

black body at a given temperature.

Banded radiation - The change in energy level due to changes in
vibrational frequency or rotation which manifest themselves in a
strong peak at the wavelength corresponding to the vibrational
transformation, with multiple rotational energy changes slightly
above or below the peak. This type of radiation is

characteristic of radiating gases.

Diffuse radiation - When the reflected radiation from a surface

is reflected uvniformly in all angular directions.

Diffusivity - A measure of the rate with which heat diffuses

through a material, evaluated as KICp.condnctlvlty divided by

specific heat.

Emissivity - Measure of the ability of a substance to radiate

energy equal to the ratio (expressed as a decimal fraction) of
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the radiating ability of a given material to that of a black

body.

Emittance - The ability of a surface to emit or radiate energy

as compared with that of a black body.

Flux method - A heat transfer method of analysis described in

Section 2.2.

Gray body - When at a given temperature the ratio of the
monochromatic emissive power of a body to the monochromatic
emissive power of a black body at the same wavelength is

constant over the entire wavelength spectrum.

Kirchhoff's Law - The monochromatic emittance is equal to the

monochromatic absorptance for any surface.

Radiosity - The rate at which radiation leaves a surface per
unit area The radiosity is the sum of radiation emitted,
reflected, and transmitted.

Reciprocity theorem - AIF = A

12 2F21 where Ai is the

area of a surface and Fi is the view factor for surface i to

J

surface j.

Reflection method - A heat transfer method of analysis described

in Section 2.4.
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Reflectivity - The fraction of total radiation incident on a

surface which is reflected, p = (l-a-t).

Resistive Network Method - A heat transfer method of analysis

described in Section 2.3.

Specular radiation - When the angle of reflected radistion is

equal to the angle of incident radiation.

Theoretical air - (Stoichiometric air) The chemically correct
amount of air required for complete reaction or combustion of a

given quantity of material.

Thermal conductivity - Measure of the ability of a material to

3
conduct heat. Typical units are Btu-in./ft -hr-F.

Transmissivity - The fraction of - incident radiastion which is

transmitted through a body t = (1-a-p).

View Factor - (Shape Factor) The total diffuse radiation leaving

one surface which is intercepted by another surface

Zone Method - A heat transfer method of analysis described in

Section 2,1,
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