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ABSTRACT

An experimental facility has been built to study the combustion of
methanol and a slurry of methanol plus 5% coal in an environment similar
to industrial and utility boilers. The furnace is a horizontal water
cooled cylinder, 20 cm in diameter by one meter long, with a firing
rate of 60 kW. The measurements taken throughout the furnace include
temperature and concentration of carbon monoxide, carbon dioxide, water,
oxides of nftrogeng methanol and particulates. Spectral radiation
intensity measurements are taken along the axis of the furnace burning
methanol and the methanol/coal slurry.

The effect of the fuel on flame structure is reported. The tempera-
tures in the pure methanol flame are, in general, highew than in the
methanol/coal flame. The levels of the oxides of nitrogen are low in
the pure methanol flame (less than 20 ppm NO). Addition of 5% coal to
the methanol causes NO concentration to increase to 100 ppm. This
represents a conversion of 40% of the coal bound nitrogen to NO. Parti-
culate levels increase from Tess than .001 g/m3 for the pure methanol to
over .2b g/m3 when pulverized coal is added.

The low levels of socot and particulates in the methanol flame have
an effect on the spectral intensity. No continuous radiation is measured
in the methanol flame, but small amounts of particulate radiation can
be seen from the spectra of the methanol/coal flame. The total emittance

of the flame is increased from about .10 to .135 with the addition of 5%



N

pulverized coal, but the radiation intensity is reduced because of the
lTower flame temperatures. This effect is partly due to the presence
of the coal particles and partly due to the different nozzle which is
used to burn the slurry.

A numerical program has been written to calculate the spectral
intensity from an inhomogeneous mixtufe of combustion products. Com-
parisons are made between the calculated intensity and the measured
intensity for both fuel systems. The results of other simplified
models are also mentioned. The numerical results are about 25% lower

than the measured results. Reasons for this are discussed.
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PREFACE

This report has been extracted from the doctoral thesis of W. L.
Grosshandler, "A Study of a Model Furnace Burning Methanol and Methanol/
Coal Slurry " (Grosshandler, 1976), which was prepared and submitted
to the Graduate Division of the University of California. These studies
were conducted in the Combustion Laboratories of the Department of
Mechanfca? Engineering, College of Eng‘ineeriﬁgB University of California,
Berkeley.

In addition to the material of this report, the thesis contains
a detailed description of the experimental apparatus and its operation,
background information on the analytical instrumentation used, a listing
and description of computer codes used in data analysis and modeling of
the combustion and radiation processes, a review of the chemical kinetics
of the oxidation of methanol, and a compilation of the experimental data.

The current address of the primary author is: Professor W. L.
Grosshandler, Mechanical Engineering Department, wéshington State Uni-

versity, Pullman, Washington, 99163,
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NOMENCLATURE

Tine width parameter

constant in size frequency distribution function

geometrical cross section

total projected area per unit volume of cloud
Archimedes number

constant in size frequency distribution function
molecular rotational constant

rotational constant at equilibrium bond leﬂgth'
velocity of light

constant in size distribution function

ratio of zeroth to first order term in expansion of electric
dipole moment

first radiation constant

second radiation constant

diameter

average line spacing

inverse line spacing parameter

correction factor for rotational-vibrational interaction
enerqy

size frequency distribution function

acceleration due to gravity |

degeneracy of energy level i

convective heat transfer coefficient, or Planck's constant
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I total intensity, W/cmzasv‘9 or moment of inertia

I, spectral intensity, W/cmze-sv*wse(:";I

Ik spectral intensity, W/szasrzum

IbA spectral intensity of a blackbody

J rotational quantum number

k thermal conductivity

k' spring constant

Ko Boltzmann's constant

k,» k,  pressure ébsorption coefficient, atm em !

K total extinction coefficient, cm;iS or constant in effective
viscosity equation (Chapter IV)

K, absorption coefficient, e

K, scatter coefficient, o™

L path length, cm

m J + 1 for R-branch, -J for P-branch

%f mass flow rate of fuel

%o mass flow rate of oxidizer

Nys Ny simple refractive indices of mediums 1 and 2

N(r) size frequency distribution function per unit volume
Ni number of molecules in state i

p prassyre

Pi partial pressure of species i

Pr Prandt! number

Ueat catalytic heat flux

qcenductiom conducted heat rate

q convected heat rate

convection

qrad%aiéen

radiated heat rate
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r¥* radius separating small particle 1imit from large particle Timit
R outer radius of swirl generator
Rh hub radius of swir! generator
S integrated line strength, or swirl number (Chapter II)
SB+§’J;3 integ§a§ed Tine strength for a particular vibrational-rotational
’ transition
(S7d) mean absorption coefficient

(ST/Z/d) mean strong line parameter

T9 gas temperature

Tj thermocouple junction temperature

TW wall temperature

T, representative gas temperature

u velocity, or pressure path-length (Chapter V)

U free stream velocity

U vibrational quantum number

‘\,/‘F fuel inlet velocity

Vo oxidizer inlet velocity

V particle volume per total cloud volume

W length in effective viscosity equation; or effective 1ine width
(Chapter V)

W particlie load per unit volume of cloud

X distance

Xq correction factor for anharmonic vibration

X optical depth

Xa absorption efficiency factor

XS scatter efficiency factor

A correction factor for anharmonic vibration

zZ corvection factor for anhavmonic vibration
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angle of swirl vane with swirl generator, or empirical constant

in soot absorption coefficient (Chapter VI)

correction factor for rotational-vibrational interaction
spectral absorptivity

total band intensity for transition v to vl
transmittance parameter (Chapter II1), angle of incidence
(Chapter V), or empirical constant in soot absorption coef-
ficient (Chapter VI)

Doppler Tine half-width

Lorentz line half-width

emissivity of thermocouple junction

spectral emissivity

angle relative to incident light

line broadening parameter

extinction coefficients in complex refractive indicies of
mediums 1 and 2

wavelength, um

reduced mass

effective turbulent viscosity

vibration frequency, or kinematic viscosity (Chapter III)
density

spectral reflectivity

directional spectral reflectivities for parallel and perpen-
dicular components of electromagnetic wave
Stefan-Boltzmann constant

transmittance

phase functions for specular and diffuse reflectors
angle of refraction

wave number, v/c

solid angle
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I. INTRODUCTION

A. Background

Much has been written lately about the problems of producing energy
safely, efficiently and economically. Although many new and exciting
techniques have been discussed, most ideas suffer from either the econo-
mic aspect (e.g. solar), or the public safety aspect‘(e“gv nuclear).
While it is probable that these shortcomings will be overcome, fossil
fuels are likely to dominate as the primary source of energy, at least
throughout the remainder of this century.

Natural gas is the most desirable of the fossil fuels for producing

energy because it can be burned without creating significant amounts of

pollutants 1ike carbon monoxide, sulfur dioxide, unburned hydrocarbons
and particulates. The one pollutant which burning natural gas can create,
nitric oxide, has been reduced from 50% to 80% in some existing power
plants by using the techniques of staged combustion, reduced excess air
and flue gas recirculation (Bagwell, et al., 1971; Barr and James, 1973).
Unfortunately, the world's production of natural gas has probably peaked
(Hubbert, 1971) and availability will decrease while energy demands increase.

Petroteum will be a feasﬁb?é substitute for natural gas only for the
next 50 years or so because even oétimistic estimates predict the decline
in 01l production to begin éreund the turn of the century (Hubbert). The
increased nitrogen content in new sources of petroleum, such as shale oil,
will make emission control much movre difficult than burning either the

Tow sulfur oils currently in use or natural gas.



The most promising fossil fuel for the United States from the standpoint
of availability is coal. Its production is not expected to peak until after
2100, and it will not drop back down to its present Tevel until after 2350.
This is especially important to the United States since 21% of the world's
minable coal resources are located here (Hubbert). However, burning untreated
coal in existing power plants results in high Tevels of particulates in
addition to the sulfur and nitrogen oxides. |

The problem of pollutant formation from coal can be attacked in three ways:
modification of the coal before burning, modification of the combustion process,
or clean-up of the stack gases. One way to modify the coal before it is burnt
is to completely veform it to more desirable fuels such as methane, hydrogen,
or methanol. Methanol is attractive because it is a liquid and can be stored
and transported much more cheaply and safely than either methane or hydrooen.
In pilot plant and full scale boiler demonstrations, both the carbon monoxide
and nitric oxide levels were Tower when burning methanol than when burning
methane. Additionally, existing carbon deposits within the furnace were
removed by burning methanol (Reed and Lerner, 1973).

Historically, methanol was produced by the destructive distillation of
wood. Since 1925, most methanol has been synthesized by the reaction of
carbon monoxide with hydrogen. The earlier processes required high pressures
(300 x 205 N/mz) at 200° C (Reed and Lerner). The Lurgi process is a recently
perfected low pressure process (50 x 105'N/m2) which passes the synthesis gas
(H2 + CO2 + C0) over a copper catalyst. The synthesis gas can be made from
heavy fuel oil, naptha, or natural gas. Imperial Chemical Industries (ICI)
has developed its own low pressure methanol synthesis system which also uses a

copper catalyst and naptha as feed stock (Hiller, et al., 1971). Two inter-



mediate pressure processes have been developed by Nissui-Tapso (Tani and
Tukawa, 1971) and the Japan Gas Chemical Company (Morita, Takahashi, and
Koseki, 1971). There is even some discussion of producing methanol as a
by-product from the steel industry and the electric uti?ity industry with
coal as the fuel (Steinberg, et al., 1973). The possibility of an ad-

vanced combined cycle using nuclear energy and coal to produce electrical

power and methanol is mentioned in the same reference.

TABLE I-1.COSTS OF VARIOUS FUELS (From Reed and Lerner, 1973)

Fuel Raw Material Cost, $/10%d
Methanol Coal 1.40
Lignite 1.18
Natural Gas 1.49
Gasoline Crude 0Oil 1.00
Methane (gas) Well Head 14,37
Imported LNG .76~.95
Coal .76-.95
Hydrogen (gas) Natural Gas .92
Coal 1.25

The economics of producing methanol and other fuels are compared in
TableI-1. From these cost estimates it appears that methanol is not Tikely
to dominate the fuel market in the near future. Because of its other
advantages, it is likely to become an important alternative fuel, espe-
cially as the cost of natural gas and crude o1l increase relative to the

cost of coal,

B. Purpose of Present Study

With the increase in methanol usage almost a certainty, it becomes
important to be able to predict how it wiil behave in a combustion system.
In particular, how do the heat release rates and pollutant forming abili-
ties of methanol compare to those of other fuels?

The enthalpy of reaction of liquid methanol with air is compared to that

215 in Tablel-2 along with the adiabatic fiame temperatures.



TABLE I-2.
ENTHALPIES OF COMBUSTION AND MAXIMUM TEWPERATURES OF VARIOUS FUELS WITH AIR

(298 K and 1.0T7 x ?O /m )

Enthalpy of Combustio: Equilibrium Adiabatic

Fuel kd/a kd/mole Stoichiometric Temperature
CHgOH(R) 20.1 643 2152 K
CH4 49,5 792 > 2226 K
H, 50.2 1004 ' 2382 K
#4 Fuel 0il 43,9 eeee  meeees
Bituminous Coal 31,4 =eee  ememe-

(Group 4)

The Tower combustion temperatu}e of methanol would Tead one to predict
Tower nitric oxide production when compared to methane or other para-
finic compounds. This has been verified in tests with internal combustion
engines (Adelman, Andrews, and Devoto; 1972) and in a steam boiler, as
mentioned earlier. One purpose of the present study is to reconfirm
the prediction of Tow nitric oxide concentrations from a methanol fueled
furnace. Additionally, other pollutants were measured and the general
structure of the flame determined by measuring concentrations of stable
species and temperatures throughout the furnace.

The structure and temperature of a flame are not only important be-
cause of their influence on pollutant formation, but also because of
their influence on the heat transfer from the combustion system. The heat
transfer, pollutant formation, and efficiency of a combustion éystem are
all tightly interrelated. Also, it is important to be able to predict the
heat transfer from the flame to insure the mechanical integrity of the system.
If methanol is to be burnt in existing boilers or gas turbines, it is im-
portant to be able to predict the heat transfer characteristics relative to those

of other fuels. A decrease in flame radiation could cause higher temperatures



in the convective section of a furnace, possibly rupturing boiler tubes.
Significantly less radiation in a gas turbine combustor could increase
the Tiner life.

The two mechanisms involved in transferring heat from the flame of
a combustion system are convection and radiation. The relative amounts
by these two modes varies with the flame structure and composition.
Radiation increases with fuels that form soot. Based upon studies by
Street and Thomas (1955), there is reason to believe that methanol will
produce much less soot in a turbulent diffusion flame than most other
organic fuels. In their experiments, a Bunsen type burner was used in
which the premixed air-fuel ratio was variable. The amount of premixed air
was decreased until a luminous region just became visible. The minimum
amount of air which was needed to produce a non-luminous flame was the
criterion used to rate the soot forming ability of the organic compounds.
The minimum air/fuel ratio needed to produce a non-luminous flame for
different fuels is shown in Table I-3. There was no gquantitative measure-
ment for methane, but from personal experience with a laboratory Bunsen
burner, if the air mixture is sufficiently decreased, the flame becomes

Tuminous.

TABLE I1-3. MINIMUM PREMIXED AIR/FUEL RATIO REQUIRED TO
SUPPRESS CARBON FORMATION IN A BUNSEN BURNER FLAME
(Street and Thomas, 1955)

Fuel Air/Fuel Equivalence Ratio
Methanol 0 e
Ethanot 6.0 1.52
Ethane 9.7 1.67
Propane 10.1 1.56
is0 Octane 10.5 1.45
n - Cetane 11.0 1.35
Acetylene 5.4 2.08
Benzene 9.3 1.43



Radiation from soot and particuiates is the dominant source of
radiation in coal and oil flames. Even for natural gas flames,
continuous emission can contribute a significant amount to the total
radiation. With no expected soot from a methanol flame, the total radia-
tion can be predicted to be less than for any of the other fuels.
Another purpose of this study is to measure this radiation and see how
it varies with location and composition along the axis of the furnace.

If a mixture of coal and methanol could be burhed as the furnace
fuel, two benefits would be obtained. The first is that the mixture
could serve as an extender for the more expensive pure methanol
without a significant increase in pollutant emissions. Secondly, the
continuous radiation from the coal particles would increase the total
radiation from the flame, a generally desirable effect in utility
boiiers and steel furnaces.

A final intent of this study was to attempt to predict the radia-
tion from the flame knowing the inhomogenous temperature and concentra-
tion distributions in the furnace.

To summarize, the primary goals in this work are listed here:

1. Measure the temperature distribution and composition of
stable species in a flame similar to those found in utility
boilers and industrial furnaces.

2. Measure the important pollutants emitted from a model furnace
burning methanol.

3. Measure the spectral infrared radiation from this same furnace.



4, Determine the effect of adding cba1 to the methanol on pollutant
emissions and infrared radiation.

5. Predict the spectral radiation from the furnace, with and
without coal, based upon measured composition, temperature,

and particulate profiles.

To accomplish the above objectives, a model furnace has been built
with a thermal power output of 60 kw and a cylindrical water-cooled
combustion chamber 1 meter long by 20 cm in diameter. The experimental
measurements desired have been taken, and comparisons between measured
radiation data and that predicted by a computer model have been made.
AT1 of this 1is reported in the following chapters.

The next chapter discusses the techniques involved in designing the
furnace. Chapter 11l deals with the instrumentation requivred for the
experimental measurements, and Chapter IV presents the results of the
flame structure measurements. In Chapter V, a digression is made to
allow for a discussion on the physics of radiation in general and, in
particular, how it relates to radiation from combustion systems. This
information is used to formulate a model for radiation from the methanol
flame. Chapter VI presents the results of the radiation measurements for
the furnace burning both pure methanol and methanol/coal slurries.

Conclusions and recommendations are given in Chapter VII.



IT. DESIGN OF THE FURNACE

The engineering literature contains many sources of information
helpful in the design of a furnace. Fluid mechanical considerations are

set forth in Combustion Aerodynamics by Beér and Chigier. The Journal

of the Institute of Fuel has carried many articles applying fluid mech-

anics and heat transfer to the solution of practical furnace design
problems (see reference list). Furnace and boiler manufacturers such as
Combustion Engineering and Babcock and Wflcox have their own publications
which also contain practical information for the designer. All of these
references were consulted and contributed to the design of the experi-

mental furnace.

A. Sizing the Model Furnace

‘Idea11yg in an experiment modeling furnace combustion processes, the
closer one can approach the size of a functional furnace the better. It
is immediately obvious that the ideal is impossible to obtain in this
case since even a small package boiler produces over 10,000 kW (Babcock
and Wilcox). The size of different furnace systems is compared in Table
II-1.

A 200 g/sec air flow rate for this study is the maximum which can
be obtained with the existing laboratory compressor. Although the power
input to the model furnace is orders of magnitude less than utility boilers
the power density is actually larger. Radiant energy fluxes from the
Targer furnaces are typically 50 w/cm2 while that of the IJdmuiden furnace

is about 40 w/cmzn Maximum vadiation flux in the model furnace is 5 W/cmz,



TABLE II-1. SIZE OF FURNACE SYSTEMS

» Thermal Power , = Air Flow

Furnace System Power Volume Density Rate

PGSE Pitts' 2 x 10° ki 3 x 10° g/sec
Unit #7 1 5 3 3 A

PGEE Pitts 4 x 10° kW 2200 m 200 kW/m~ - 6 x 107 g/sec
Unit #1 5 4.5

Package Boiler 107°-10" kW

Iomuiden Model® 3 x 105 ki 25 m° 120 KW/m® 1200 g/sec
Furnace 3 3

This Study 50-150 kW .03 m 2000 kW/m 20-200 g/sec

Pacific Gas and Electric, Pittsburg Power Plant, Units 1-7.

Babcock and Wilcox.

Flame Radiation Research Joint Committee, 1953.

Based on total boiler volume. In the flame zone power densities for
boilers are approximately 10 times greater.

BNV EAVES

B. Major Component Design

Figure II-1 shows a flow diagram of the major components of the
model furnace. It consists of the primary air delivery system, the
secondary air delivery system, the fuel delivery system, the igniter
system, the burner assembly, the combustion chamber, and the exhaust
system. A photograph of the entire furnace is in Figure I1I-2. A general

description of the major components is given in this section.

1. Primary and Secondary Air Delivery Systems

The major portion of these sections was built by prev?ous workers
(Pratt, 1968; Samuelsen, 1970; Cernansky, 1974). All that remained
was to adapt them to the new burner section and to verify existing, or

install new, pressure gauges, thermocouples, rotameters, and manometers.
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FIGURE II-2.
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Air is supplied at 13.8 x 305 N/m2 from an aivr compressor. The

S N/m2 before the flow is split into a

pressure is reduced to 5.5 x 10
primary and secondary stream (see Figure II-1). The major portion of
the air goes to the secondary air system. This flow rate is measured
with a calibrated orifice before it passes through a control valve.
It then goes to the burner section.

The primary air flow is measured with a rotameter, controlled with
a needle valve, and then enters the burner section. Pressure and

temperature are monitored in both streams where the flow rate is measured

and where the burner section is entered.

2. Fuel Delivery System

The fuels used are methanol and a methanol/coal sTurry. Properties
of methanol and the coal are listed in Table 11-2. To provide methanol
at the pressures desired (up to 895‘x305 N/m2 gauge), it is transferred by an
air driven pump from a 54 gallon drum to a 34 2 pressure vessel safety
tested to 13.6 XEOS N/m2 gauge and equipped with a pressure relief valve.
The 34 & vessel is pressurized with dry nitrogen. The high pressure
methanol fiow is metered with a needle valve and the flow rate is deter-
mined with a calibrated orifice. Pressure and temperature are monitored
with a Bourdon gauge and thermocouple, respectively, both at the orifice

and at the entrance to the burner (see Figure 1I-1).

Delivery of the methanol/coal slurry had two design difficulties:
1. keeping the coal in suspension and 2. preventing the coal from
building up in the fuel Tines and nozzle. The first problem is ad-
dressed by Rudzki, Pease, and Weidner (1965) for a mixture of fuel oil
with pulverized coal, They discuss the effect of particle size, per-

. - . e
centage of coal, type of coal, temperature of oil, and viscosity of
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TABLE 1I-2.
Properties of Fuel

a) Methanol

Formula: | CH30H
Molecular Weight: 32.04 g/mole
Boiling Point @ latm: 338 K
Density © Tatm, 298 K: 792 g/cm’

Vapor Pressure @ 311 K:

Heat of Vaporization: -5.94 kJ/g
Viscosity @ 340 K, latm: 135.6 x 107°
Enthalpy of Reaction with

Air (CH,OH 1iquid, H,0 gas):  20.083 kJ/g

b) Coal {Pittsburgh seam)

Chemical Composition, Weight %:

Estimated Size Distribution,
wt., % (Milne, Greene & 74
Beachey, 1974): 43

to
to

20

< 10 pm.

Estimated Enthalpy of Reaction
with Air (Babcock & Wilcox,
1963, p 2-8):

31.4 kd/g

314 x 10° N/n?

g/sec-cm

%
of

fo
%o
%
%

W,
um,
pm,
L,
ut,

-

o N 0O L Oy
OO O WO o w

%
%
%
%
%
%
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01l on the sedimentation rate. It was apparent from their work that
it would be impossible to keep 10 um coal particles in suspension for
move than a few minutes in a 1iquid as inviscid as methanol. This
suggested that some sort of mechanical stirrer would be required.
Another 34 % pressure vessel rotating at about 30 rpm meets this
requirement. Ball bearings .5 cm in diameter placed in the rotating
vessel aid in the agitation.

The problem of coal build-up has been met with a less satisfactory
solution. When burning the slurry, a larger nozzle is used than when
burning pure methanol. If the coal builds up in the nozzle, increasing
the fuel tank pressure overcomes the decrease in nozzle area. The
result is a constant fuel flow rate, but a varying droplet size dis-
tribution and fuel jet momentum.

Because the coal would plug the flow measuring orifice, the
orifice is by-passed when burning the slurry. Flow rate is then
measured by monitoring the nitrogen flow as it enters the pressure

vessel and displaces the methanol/coal mixture.

3. Igniter System

The igniter system is used only during start-up. The furnace, when
adjusted properly, is self-sustaining. The final stage of the secondary
air Tine contains a venturi mixing section with injection ports. Propane, at
a predetermined flow rate, is injected into the mixing section. A spark
plug is located just upstream of thevburnerg As the combustible mixture
passes over the spark plug electrodes, a spark discharge ignites the gas.
Pure propane is then injected into the primary air stream while the secondary

propane is shut off. The Tiquid fuel can then be truned on and the propane

turned off,
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4, Burper Assembly
The burner assembly contains a fuel nozzle surrounded by a primary

air stream, as is shown in Figure 1I-3. The secondary air is brought into

[ X

the burner in an annulus parallel to the primary stream. A conical shape
quarl 1is attached to the downstream side of the burner.

The design of the fuel nozzle consisted of choosing between two tech-
niques for fuel atomization: a pressure jet nozzle or an air blast
atomizer (see Figure I1-4). The pressure jet nozzle works by forcing
the Tiguid to swirl rapidly within the nozzle. The swirling Tiguid is
forced through a small orifice at the tip, so that it leaves with a large
amount of both angular and translational momentum. The radial forces
on the thin column of liquid cause it to spread rapidly into a thin sheet
which quickly breaks down into fine droplets. By adjusting the exit
orifice diameter, the amount of swirl, and the pressure, one can control
the angle of spread and the droplet size distribution. The density and
surface tension of the 1iquid are important parameters in controlling
droplet size. Pressure jet nozzles operate around 7 x ?OS N/m2 gauge and

£ i

the flow rates vary about proportionally to the square root of the pressure

The second nozzle design is the blast atomizer. These operate at
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gauge) and use
the momentum of an air cr steam stream to break up the liquid stream.
This type of atomizer cannot be used to meter the fuel since there are
no smatll orifices. It also does not give as uniform a fuel distribution
as the pressure jet nozzles. But, because the atomizing air mixes inti-
mately with the fuel, this type of atomizer can produce a more satfis-

ame than the pressure jet nozzle., A discussion on droplet
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FIGURE TI-4. Liquid Fuel Atomizers

formation in spray nozzles is given in Beér and Chigier (Chapter 6).
More details on nozzle design and performance are given in the reports
of the Joint Committee of the International Flame Research Foundation
(1953 and 1959).

Because commercially built pressure jet nozzles are inexpensive and
available in a wide range of flow rates, this type of fuel atomizer was
chosen. Different sizes are interchangable so that flow rates from .5 to
10 g/sec can be obtained with proper droplet size distribution.

To control the momentum of the fuel et and allow for partial pre-
mixing of Tiquid fuel and air, a primary air annulus surrounds the pressure
jet nozzle. This also permits burning of gaseous fuels with the same

purner by substituting fuel for the primary air.
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The majority of the combustion air comes into the burner as secondary
air in a tube concentric to the fuel and primary air flows.

Stability of the burner was increased by installing swirl vanes
in the primary and secondary air streams which are shown in Figure I1I-3.
The swirl number, S, is defined as the ratio of jet angular momentum
to the product of axial thrust and exit radius. For weak swirl numbers
(S < .6), stability is increased simply by increasing the effective
residence time between the fuel and air jets. For strong swirl (S > .6),
a recirculation zone occurs because of the negative pressure gradient
developed in the flow from the outward moving gases. This zone provides
a continuous source of radicals and high temperature which acts as a
flame holder. As an approximation to the swirl number of a flow in an
annulus passing through a vane tybe swirl generator, Beér and Chigier

(Chapter 5) give

3
T - (R./R)
S :-g { h 5 tan o

A8

where R, is the inner hub vradius, R is the outer radius, and a is the

h
angle the vane makes with the burner axis. The value of o was chosen to
produce strong swirl with the swirl numbers listed in Table 11-2.

Flame stability was further enhanced by adding a divergent cone
at the exit of the burner. The cone increases the radial distance of
separation between peaks of axial and tangential velocites and also
increases the mass flow rate in the recirculation zone (Beér and Chigier,

Chapter 5). The optimum divergence angle (60°), throat location and

swirl were determined from Figure 5.16 of Beér and Chigier (p. 126).
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The divergent cone, or quarl, was made of alumina to minimize heat

transfer from the recirculation zone.

The parameters used for the design of the burner and the actual

operating conditions are given in Table 1I-2.

Parameter

Fuel Flow Rate
Fuel Pressure
Fuel Temperature
Primary Air Flow Rate
Primary Velocity
Primary Swirl Number
Primary Pressure
Primary Temperature
Secondary Air Flow Rate
Secondary Velocity
Secondary Swirl Number
Secondary Pressure

Secondary Temperature

TABLE TI-3

Burner Design Characteristics

Desian

o Ad

.5 to 10 g/sec
1.7 to 8,5x°§05 N/m2 gauge
294 K
0 to 3.5 g/sec
0 to 42 m/sec
0 to .6
Ox‘%G5 N/m2 gauge
294 K
0 - 100 g/sec
0 - 23 m/sec
.6
0 N/m2 gauge
294 X

Operation

3 g/sec
b 2
2 and 5.5x107 N/m” gauge
294 K
3 g/sec
36 m/sec

3
624x105 N/m2 gauge
294 K
18.4 g/sec
4.3 m/sec
.6
0 N/m2 gauge
294 K
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5. Combustion Chamber

The size of the combustion chamber was dictated by the material
available and the size of the experimental facility. The diameter is
19.6 cm and the 7ength~of the test section is one meter. Based upon
the flow rates listed in Table II-2 and an average temperature of 1500 K,
the characteristic residence time in the combustion chamber is 250 msec.

The test section is water cooled and made in two halves for ease
of assembly. Twelve ports, 5 cm in diameter, are provided along the
‘axis of the furnace to allow optical measurements and probing of the

flame.

6. Exhaust System

As with the air delivery system, the exhaust system was constructed
for a previous experiment (Pratt, 1968). The only new design required
was to adapt the combustion chamber to the exhaust pipe and install a
water sprayer to cool the combustion products. The high temperature
of the exhaust gases did, in fact, limit the fuel flow. Fuel flows
much greater than 3 g/sec resulted in charring of the lagging material
around the exhaust pipe flanges.

To control the pressure in the combustion chamber, steam is in-
jected in the exhaust stack. After mixing with the steam, the gases
exit through a muffler to reduce noise. As a safety measure, the exhaust
system is equipped with an aluminum foil burst disc which ruptures at

pressures over about .03 x 105 N/m2 gauge.
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ITT. INSTRUMENTATION OF THE FURNACE

A thorough characterization of the performance of a furnace, requires
more than determination of the inlet conditions and the outlet condi-
tions. Heat release and radiation calculations require, as a minimum,

a knowledge of the temperature, water, carbon dioxide, carbon monoxide,
fuel and oxygen concentrations throughout the furnace. If the pollutant
forming characteristics of the furnace are of interest, then, in addition
to the above information, one should measure nitric oxide, nitrogen diox-
ide, formaldehyde, particulates, unburned hydrocarbons, and a multitude of
trace poliutants such as hydrogen cyanide and ammonia. The instrumentation
of the furnace is designed to measure most of these parameters, if not

quantitatively, at least qualitatively, throughout the combustion chamber.

A. Temperature Measurement

Temperature is probably the most important single parameter to be
measured in a combustion system. It can be related to the extent of
reaction, the turbulence levels, the heat transfer (radiative and con-
vective), and the nitric oxide forming ability of the furnace. Fristrom
and Westenberg (1965, Table VIII-1) Tist different techniques available
for measuring temperature in flame systems. More recent developments in
optical techniques using lasers to measure Rayleigh scattering (Pitz,
et al., 1976) and Raman radiation are encouraging, but they
offer no big improvement over the simple thermocouple when it comes to

measurements in complex furnace systems.
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It is because of versatility, low cost, and ease of measure-
ment that a thermocouple is used in this study. The temperature range
within the furnace suggests that a Pt/Pt-13% Rh thermocouple would
be most suitable. The maximum recommended temperatures for this
type of thermocouple is 1725 K, which is slightly less than the
maximum uncorrected temperature recorded in the furnace. The design
of the probe follows that of Schefer (1976) and Cernansky (1974) and
is shown in Figure ITI-1. It employs a .0762 mm diameter junction
with .254 mm lead wires. The thermocouple emf is referenced to a
water/ice bath and is read to the nearest .1 mv on a Honeywell model
2745 potentiometer and a Hewlett-Packard model 7100 B strip-chart
recorder.

There are four specific problems encountered when using a
thermocouple to measure high temperature in turbulent gases: time
response, aerodynamic wakes, catalytic surface reactions, and heat
transfer errors. Even though it is recognized that turbulent
temperature fluctuations can increase the formation of nitric oxide
and the radiation from the flame, time averaged values are measured;
so time response is not critical. For the existing system the time
response (approximately .1 sec) is 1imited by the strip-chart re-
corder and not the thermocouple. The aerodynamic wake is also not
considered to be a problem with this system because of its small
size compared to the furnace flame.

It is well known that catalytic reactions can occur on a platinum

surface, especially in a reducing atmospher2 and one with a large radical
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concentrations. Until recently, it had been customary to coat the thermo-
couple junction with silicato reduce catalytic reactions (Kaskan, 1957).

But, at temperatures as high as exist in the furnace, it has been found
that the silica coating is not as effective as coating as one composed
of a combination of yttrium and beryllium oxide (Kent, 1970). This
coating and the procedure suggested by Kent that is used on the thermo-
couple junction.

The last problem associated with high temperature thermocouple measure-
ments, heat transfer ervors, 1is difficult to overcome. Many
authors have addressed this problem (Bradley and Matthews, 1968; Fristrom
and Westenberg, 1965, Chapter VIII; Herzfeld, 1961). The yoitage measured
from a thermocouple indicates the true temperature of the thermocouple
junction, not the gas surrounding the junction. It is an equilibrium
temnerature reached by an energy balance involving conductive, convective,
and radiative heat transfer as shown in the following equation:

9eonduction ~ Yconvection © dradiation " 0

where the energy conducted into the junction along the wire of diameter d,-
length £, and thermal condﬁctivity k is:

dT

= kmd? "
dx

Yconduction

The convection and radiation terms are:
deonvection = MMdL (Tg - Tj)

i} 44 4
Yradiation = ~Mey o [Ty = T,0 8 - T (1-8)

with h equal to the convection coefficient of the wire, at temperature Tj?
to the gas immediately surrounding the wire, at Tgn TW is the wall temp-
erature, ej the emissivity of the junction, T some average temperature

reprasentative of the gas between the junction and the wall, and B a



parameter which is a measure of the transmissivity of the gas.
For a furnace with 1ittle particulate radiation and a reasonably
small optical depth, B approaches one and the radiation term approaches

the conventional form
4 4

Yeadiation md £ &5 9 (Tj h Tw )
Even when the coal/methano? sturry is burned, the optical depth
is small, so setting B to one is reasonable; but for a flame with
a significant optical depths 8 becomes smaller and, in the limit, approaches
zero. This means that the thermocouple will be exchanging radiant energy
with the gas and not the Waiia If the gas at a distance from the junction
is hotter than that near the junction, it is possible to have a net flux
into the thermocouple due to radiation even when the walls are coild.

The énergy conducted away from the junction is directly proportional
to the temperature gradient along the wire. The junction is positioned
perpendicular to both the furnace axis and radius; maximum temperature
gradients in this direction do not exceed 2000 K/m. With a wire diameter
of 7.62 x 10”5 m and a thermal conductivity for platinum of 73 W/mK, the
maximum conducted energy rate is .00066 W. This is well over an order of
magnitude less than the energy rate for other modes, and so conduction
will not be considered further.

An expression for the convection coefficient of a gas flowing per-

pendicularly to a cylinder is given by Holman (1972, p. 186) as

1/3
b_g« = 080 (g_._._) Pyj/g

k " v
where U is the free stream gas velocity around the thermocoupie, v and k
are kinematic viscosity and thermal conductivity of the gas, and Pr is the
Prandt! number.
With these definitions ahd approximations, the energy equation becomes,
(§~§Q§/3 FE/B Tﬁ@ 4

p (T =-T.) = e, oT.," - Ty y =0

v g J J J

K
989
d
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In theory, the gas properties and emissivity are known and the wall tempera-
ture and gas velocity can either be measured or estimated, so the true gas
temperature, ng can be determined by measuring the junction temperature,

T..
J

4 4 1/3
£;0 (T," - T ) <vd2\

uPr}

From the above equation, it is apparent that one parameter the probe

LN T -t

designer has complete control over is the diameter of the wire. As the
diameter decreases, the temperature correction decreases by the 2/3 power.
It is for this reason that the sha??est wire that will remain sound under
measuring conditions is the most desirable.

Estimating the emissivity of the thermocouple junction is not always

straight forward. For unoxidized platinum, the Handbook of Chemistry and

Physics (CRC, 1972) gives the total emissivity as .152 at 1273 K and .191

at 1773 K. In the same reference, the emissivities for beryllium oxide and
yttrium oxide are, respectively, .07 to .37 and .60. The value used by
Kent and Bilger (1973) for a platinum wire coated with Y203 and BeU
ié .72. To check the emissivity of the existing thermocouple, a second
uncoated thermocouple made from .0762 mm platinum wire was made. Both the
coated and uncoated thermocouples were inserted into a hydrogen/oxygen/
argon flame in a flat flame burner and the temperatures recorded as a func-
tion of height above the burner. The results are shown in Figure I1I-2.
The energy equation should be modified to allow for catalytic heating.
4 4

h (Tg = T9) -5 0 (17 = T + o,

where the heat flux due to catalysis is a positive quantity for exothermic

=0

recombination reactions, and is a function of temperature and radical concen-

tration.
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An energy equation can be written for each of the two thermocouples;
and, since Té is the same in each equation, the emissivity of the coated

thermocouple can be found in terms of the emissivity of the uncoated thermo-

couple.

IQ‘ 4 & § - k i
h (Tj - Ty ) +<h/h> (Tj ’Tj) " qcat@ (b/h> 9 cat
i vy a4t A
<Tj T, ) o (TJ T )

The prime indicates the uncoated thermocouple. The difference in h and
h' is due only to the difference in diameter between the uncoated wire
(.0762 mm) and the coated wire (.1016 mm). The ratio of h to h' equals

(d'/d)z/gg .825. It is impossible to predict the values of g d

cat "

q‘cats but if these terms are set to zero, a maximum value for gj can

be determined since (q - h/h' g' _,) is a negative quantity.

cat cat
Figure I1I-2 shows the results for ej‘ = 191, Early in the flame,
the effect of catalysis can easily be seen. This is expected since
the radical concentrations and temperatures are highest there. As the
combustion products reach equilibrium, the catalytic effect diminishes
and the plotted emissivity approaches the true emissivity. A value
of .25 appears to be a good estimate for the true emissivity.
The large discrepancy between the emissivity estimate of this study
and that of Kent and Bilger (1973) cannot be completely reconciled.
If the coating on the wire had voids, then it is possible that the
nredicted emissivity would be somewhat lower than that of Kent and

Bilger. However, the emissivity values of pure Be0, YOOB, and

platinum suggest that a value of .72 is too large.
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B. Chemical Composition Measurement

The gas sampling system consists of a probe, a sample transfer sec-
tion and an analysis section. Each of these three sections is tailored
to the individual species being measured (C029 HZO” €O, CH
NO, or NX), and their design will now be discussed.

30H9 HCHO, 025

1. Sampling probes

A properly designed probe will extract a truly representative sample
from the furnace without seriously perturbing the flow field of the fur-
nace at the position under study. To keep the sample representative, the
chemical reactions must be quickly quenched by reducing their pressure,
temperature, or both. For stable species like 6029 Co, H209 OZS and CH30H3
this can be done successfully with a probe which drops the pressure in the
sample through a sonic orifice. For highly reactive radicals,
for example, OH, 0, H and CH35 there is no hope of extracting a repre-
sentative sample with this conventional type of probe since reaction times
are much shorter than the characteristic residence time within the probe
(Schefer, 1976, Appendix B). For species of questionable stability (NO,
NO2 HCHO) nothing as definitive can be stated. Schefer, Matthews, Cernan-
sky, and Sawyer (1973) have looked specifically at the problems of probe
design on the measurements of NO and NOZ in combustion systems and have found
a difference in results between stainless steel and gquartz probes and whe-
ther they are cooled or uncooled. Formaldehyde (HCHO) is troublesome because
it is easily oxidized, so anything which will reduce the temperature, pres-
sure or catalytic activity of the probe walls will increase the reliability
of its measurement.

The flow field in the furnace can be disturbed by the physical pre-

sence of the probe. This effect can be reduced by keeping the diameter
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of the probe to a minimum and by locating it such that it is parallel to
and pointing upstream towards the furnace flow. The fact that the probe

is acting as a mass sink within the furnace additionally alters the flow
field. The extent of this effect can be calculated (Fristrom and Westen-
berg, 1965, p. 190). In this study, the mass flow in the probe is less
than .02% of the total furnace flow and the probe diameter to furnace
diameter ratio is .015. Therefore, the disturbances within the flow field
due to the probe are considered to have a negligible e?fect on the position
of the fime averaged concentration measurements.

With the above facts in mind, a partially cooled quartz probe has
been built following the designs of Schefer (1976, Chapter 2 and Appendix
B) and Fristrom and Westenberg (1975, Chapter IX). A diagram is shown
in Figure III-3.

To position accurately the probe (+ 1/2 mm), a traverse mechanism
was built that can be bolted to any of the twelve ports along the axis of
the furnace. a photograph of the quartz probe in position on the tra-
verse mechanism is shown in Figure III-4.

2. Sample analyzers

Table III-1 Tists the analyzers used for the various combustion products.

TABLE TIT-1. ANALYSIS EQUIPMENT FOR MEASURING CHEMICAL SPECIES

Analyzer Detector Species
Beckman Model 315 infrared absorption, CO2
COs specific.
Beckman Model 315A infrared absorption, €0
CO specific
Hewlett-Packard Research dual flame jonization €0, CO2
Chromatograph Model 5750 HCHO, CH30H
thermal conductivity HoO, Np + 09

NO/NX analyzer (local design) chemiluminescent NO, NX
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a. Beckman Infrared Analyzers

The Beckman infrared analyzers require the continuous flow of an
atmospheric pressure sample through the sample chamber. Calibration
curves are provided with each instrument to correlate the strength of

the signal with partial pressure of CO or CO Both the zero point

5"
and an upscale concentration are checked before data is taken. The
carbon dioxide analyzer operates in the range of partial pressures

from 0 to .15 atm with an accuracy of about 1% of full scale. The
carbon monoxide analyzer operates in any of three following ranges with

6 atm, 0 to .03 atm, and

an accuracy of 1% of full scale: 0 to 500 x 10~
0 to .10 atm.

To reduce the possibility of interference, water is condensed out
before passing through the sample tube. Some small interference also

exists between C0 and CO,, but this can be accounted for if both

29
species are measured.

b. Gas Chromatograph

The major components of the 5750 gas chromatograph are shown in
Figure 111-5. Briefly, the sample is injected into.the carrier gas
stream with the sampling valve. The carrier gas transports the sample
through the column where it is separated. As each species elutes from
the column, it is detected with the thermal conductivity of flame ioni-
zation detector. The detector signal is amplified and fed into an
integrator and strip chart recorder. The integrator calculates the area

under the eluting peaks, which can then be related to species concentration.
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To take advantage of the high sensitivity of the FID, Colket,
Naegeli, Dryer and Glassman (1974) have devised a catalyst which hydro-
genates carbon containing compounds to their homologous alkanes. This

permits detection of CO, €O, and HCHO with an FID when normally there

2
would be no signal, and causes the response of CH3OH to increase to that
of CHQ. The catalyst consists of ruthenium coated c¢lass beads packed
in a copper tube heated to 550 K and is located between the TC detector
and the FID as shown in Figure III-5. Details of catalyst construction
and performance are given in the original paper (Colket, et al., 1974).

To fully realize the potential of the gas chromatograph, a sophisti-
cated integrator is necessary. The one shown in Figure III-5 is an
Autolab System IV with two channel modules. This equipment allows de-
tection of peaks which would normally go unnoticed, and is able to
resolve, in a systematic manner, two or more peaks which appear hope-
lessly fused. The operation manual by Spectra Physics gives a complete
description of system capabilities.

The chromatograph operating conditions used for this present study

and a typical chromatogram are shown in Table III-2 and Figure III-6,

respectively.

c. Chemiluminescent Analyzer

The analyzer used for measuring nitric oxide was built by previous
workers (Patterson, McElroy, Sawyer and Singh, 1970) and is shown in
Figure I1I-7. It operates on the principle that NO reacts with ozone,
033 to produce NO2 in an electronically excited state. Chemiluminescence
occurs when the N02 retaxes to its ground state. The orimary reaction

sequence 1is
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TABLE I11-2. OPERATING CONDITIONS OF GAS CHROMATOGRAPH

Column: -Porapak T, 80/100 mesh, 1.83 m long, 3.18 mm diameter
aluminum tubing.

Carrier: Hydrogen, 3.16 x 105 N/m2 gauge, 1.25 cm on flow meter.

Thermal Conductivity Detector: 196 ma bridge current, polarity A,
’ 1500 ¢,

Flame Ionization Detector: Electrometer og dual operation and 102 scale,
air flow is 440 ml/min at 2 x 10° N/m? gauge, helium make-up
is 55 m1/min at 3.44 N/m? gauge, 1500 C.

Temperatures: Injection port at 1500 C, sample loop at 1109 C, ruthenium
converter at 270° C; column oven programmed to start at 80° C,
hold for 1 min, increase at 20° C/min to 120° C, hold 20 minutes.

Sample: 1/2 cm3‘loop9 70° C, .067 x EOS N/m2 gauge.

Integrator:
Channel 1 Channel 2
Detector FID TC
Peak Width 20 sec 4 sec
Slope Sensitivity 500/200/500 100
T1 10 sec 5 sec
T2 0 80 sec
T3 ' o 0
Minimum Area 0 0
Spike Trap off off
Tailing Peak 30 30
Base Line 5 5

Recorder: .5 in/min, 1 mv scale.
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*
NO + O3 > NO2 + 02

NO + 0, ~ NO

3 2 2
¥

o NGZ + hv

+ 0
NO
NO, + M > NO, + M
The fourth reaction is in competition with the radiation emitting step,
so the reaction chamber pressure is minimized to reduce the collisional
de-excitation.

The radiation which is emitted is sensed by a photomultiplier tube.
Because the current in the tube is small, an electrometer is required to
enhance the signal. The signal from the electrometer is recorded on a
strip chart, and the ozone is supplied by an electic arc ozone generator.

In addition to NO, other nitrogen containing compounds are of inter-
est because of their importance to air pollution; specifically NOZ” NH3
and HCN. This group of compounds plus NO will be collectively called NX
throughout this report. If these compounds can be converted to NO, then
they too can be detected with the chemiluminescent analyzer. Such a
converter has been investigated by Zolner (1972) and by Matthews, Smith,
Brown and Sawyer (1975). To insure proper conversion even in the fuel
rich zones of the furnace, pure oxygen is injected into the sample just
before the converter. The converter temperature and other operating con-
ditions are Tisted in Table III-3.

If the operating conditions are held constant, the output of the
analyzer is directly proportional to the NO concentration and has a sen-
sitivity of the order of 1 ppm. An interference problem does exist,
though, if the sample gas contains a significantly different make-up
than the calibration gas. Normally, calibration takes place with a small

amount of NO in N2° Combustion gases will contain widely varying
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TABLE TII-3. CHEMILUMINESCENT ANALYZER OPERATING CONDITIONS
Ozonater: .015 SCFM, 7.6 psig, 100 V, 2 cm (glass ball) on ozone flow
meter.
Photomultiplier: 1400 V input, 1 x 1036 a on electrometer output.

Stainless Steel Converter: 700° €, 0, injection on.

2
Chamber Pressure: Conditions Torr
A1l flows off .20
O3 flow on .65
03 and NO sample 1.50

flow (5.0 cm)
O3 and O2 injection 1.80

03s 02 injection and 2.60
NX sample flow (1.15 cm)
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concentrations of €O, C029 02 and HZO in addition to Nza Each of these

has its own characteristic quenching rate when reacting with NO;° Earlier
workers (Allen, Billingsly “and Shaw, 1974; Schefefg 1976) have found that,
for example, a mixture containing 10% CO2 will give an NO reading about

5% below the true concentration while 10% HZO in the mixture will indicate
a 15% Tow valué of NO concentration. If the CO2 and HZO'ccncentrations
are known, then corrections can be made to the NO level measurements.

3. Sample Transferring Sections

The Tink between the probe and the analyzer is the sample transferring
section. Some of the analysis requires a continuous transfer system and
some a batch transfer system. The simplest system is a continuous one
in use with the NO/NX composition measurements. It consists of a heated
3/16 inch teflon line connected to a particulate filter and pumped down
with a vacuum pump to around .10 atm. The sample is extracted from this
Tine with a tee conection, flow adjusting valve, and an unheated 1/8 inch
teflon Tine pulled down to less than .004 atm by the cﬁemilumiﬂescent
analyzer pump. The total distance along the ?iné from the probe to the
analyzer is about 5 m. The block diagram of this and the other sampling
systems is shown in Figure I11-8.

The transfer system for the infrared analyzers is also continuous.
After being filtered, the gases pass through a heated teflon line to a single
stage, dry ice cooled water trap. The pumps in the Beckman analyzers are in-
sufficient to lower the Tine pressure below 3/4 atm so an additional
bellows pump is used in series to keep line pressure around 1/2 atm. With
the water removed, the line between the water trap and the analyzer does

not need to be heated.
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The gas chromatograph is not located next to the furnace. This neces-
sitates a batch sample technique. As shown in Figure III-8, the sample is
pumped directly through a pyrex .25 £ sample bottle. The bottle and inlet
line are heated to prevent condensation and are maintained at .10 atm. When
the sample line and bottle @ave been sufficiently purged and replenishedwith
a new sample (about‘z minutes), the outer valves on the bottle inlet and
outlet are closed. Helium is added to the bottle until a pressure of .4 atm
is obtained. The purpose of this is to decrease bottle leakage problems,
and to provide enough sample for at least three chromatograms per sample
bottle. The inner sample bottle stop-cocks can then be closed and the
bottle transported to the gas chromatograph.

The procedure to inject a sample follows. With the bottle connected
to the inlet of the gas chromatograph sampling valve (see Figure I111-5)
and the bottle stop-cocks closed, the sample valve is evacuated. Mercury,
gravity fed, is allowed to flow into the other end of the sample bottle
(heated to above the dew point) as this stop-cock is opened. When the
pressure in the bottle reaches atmospheric, the mercury flow is halted.

The sample 1ine pump valve is then shut off right before the sample bottle
outlet stop-cock is opened, allowing sample at 1 atm to enter the sampling
valve. The sampling valve is then turned to put the sample into the

carrier gas stream, and the separation begins.

C. Particulate Measurement

The problems involved with sampling particulates from the furnace are
different from those of sampling gases. To minimize the effect on the
particle paths, it is desirable to sample isokinetically. This is accomp-
Tished by adusting the flow rate in‘the probe until it matches the

free stream velocity. As explained by Pagni (1973), too high of a
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probe velocity will cause the stream lines to be deflected towards the
probe center-line. The 1argér particles will not follow the stream-
Tines as well as the smaller particles, thus biasing the sample size
distribution towards the smaller diameters. If the probe flow is too
slow, the streamlines are bent away from the probe centerline. The
larger particles, again, do not follow the streamlines as well; but
this time, their inertia is large enough to carry them into the probe
resulting in a size distribution biased towards the larger diameters.

Figure I11-9 shows the particulate sample probe as designed. The
large bend in the probe, although undesirable because of impaction
problems, is necessary because it is important to have the probe
pointing as close to the upstream divection as possible. For typical
flow conditions, it can be shown that this size of a bend will cause
particles less than 12 um 4n diameter to drift less than 1/10 the dia-
meter of the probe tube. The probe is steam cooled to reduce further
particulate oxidation while still preventing condensation of water and
methanol. The diameter of the tip is changeable to permit isokinetic
sampling under different furnace conditions,

For the particu?aﬁe‘sampTing system, a filter holder is attached
directly to the probe as is shown in Figure 111-9. The particulates are
collected on a 4.76 cm Nucleopore filter with 1 um holes. The filter
captures the particles partly by impaction and partly with static charge
build-up. A bellows pump pulls the flow through the filter and a water
trap. Total flow is measured with a wet test meter, and time of flow
with a stop-watch.

The filter papers are kept in a desciator both before and after

collection of the particulates to remove residual water. An electronic
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scale capable of 1 ug accuracy is used to measure tare and loaded weights.
The total flow through the filters is varied so that between 1 and 10 ug
of particulates will be collected. Tare weight of the Nucleopore filters

is about 20 mg.

D. Radiation Measurement

The infrared radiation from the furnace is measured with a Perkin-
Elmer model 98 single pass prism monochromator. A schematic in Figure I1I11-10
shows the monochromator and associated equipment. The major components
are the source (the furnace flame or a black-body furnace)? external foc-
using table, monochromator, preamplifier, amplifier, and strip-chart
recorder.

The external focusing table focuses the radiation emitted by the
source onto the entrance slit of the monochromator. Radiation enters
through two infrared transparent high temperature windows, passes through
collimating aperatures, and strikes plane, front surfaced, aluminized
mirrors (Mla and Mib). If a measurement is to be made at tube 2, plane
mirror Mlc is put in place; for tube 1 measurements, Mlc is removed. The
radiation reflects off of Mla, is redirected and partially focused by
spherical mirror M2, reflected off of plane mirror M3, and is completely
focused on the entrance stit, S1, by spherical mirror Md. The chopper
motor is used to mechanically interupt the beam 13 times per second.

Inside the monochromator, the radiation is collimated by a two-
dimensional parabolic mirror, M5, The parallel Tight is directed toward
a sodium chloride 60° prism, through which it passes and is refracted.

It is bounced off a Littrow mount mirror, M6, and immediately passes

back through the prism for increased dispersion. The collimating
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mirror is now used to focus the dispersed radiation on the exit slit, S2,
after it is reflected off of plane mirror M7. Finally, the wavelength
interval which emerges from S2 is focused on the detector by plane mirror
M8 and ellipsoid mirror M9. Different wavelength intervals can be detec-
ted by rotating an indexed wheel which drives the Littrow mirror, thereby
focusing a different portion of the spectrum on the exit s1it. The index
whee1 is rotated at a constant speed by a synchronous gear motor.

The detector is a high response thermocouple attached to a blackened
gold leaf target, .2 by 2 mm, all in an evacuated chamber with a potassium
bromide window. Seventy-five percent of DC response is obtained at 13 Hz
modulation.

The electical signal leaving the detector is a 13 Hz signal due
to the source intensity plus a low level DC signal due to noise and spurious
radiation which has not passed through the chopper. The preamplifier is
phase sensitive and only amplifies the 13 Hz source signal. A standard
amplifier increases the signal from the preamplifier so that it can be fed
to a strip-chart recorder.

Because of the multitude of reflecting and absorbing media through
which the radiation beam must pass, it is incorrect to interpret the sig-
nal from the detector as an absolute measure of intensity. A source
of known intensity is required to calibrate response as a
function of wavelength. This is accomplished using an Infrared Industries
model 463 blackbody radiation source equipped with temperature controller
model 101B. The blackbody is placed directly in front of either tube 1 or
tube 2 so that the radiation paths are identical during the calibration and
the experiment.

It any of the mirrors internal to the monochromator, the prism, or

the detector are moved, it is necessary to recalibrate the Littrow mirror
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index wheel against known wavelength sources. This is done by placing
a thin film of polystrene in front of the blackbody source. Figure IT1-11
shows the output of the monochromator during calibration. Additional
calibration information is provided in Grosshandler (1976).

The operating conditions of the monochromator and peripheral equip-

ment are Tisted in Table 111-4.

TABLE I1I-4
OPERATING CONDITIONS FOR INFRARED RADIATION MEASUREMENTS

Blackbody Source: 990 dial setting (1000° C), maximum opening.

Monochromator: .2 mm slit width, 1930 to 1450 drum number scan at
44,44 number/min, NaCl prism and s1it window, dry
nitrogen purge, 13 Hz chopper motor on.

Amplifier: coarse gain on 12, fine gain on 10, time response on 2,
balance selector on output, test microwatts on 0, battery
on.

Recorder: 2 in/min, 10 mv to 100 mv scale.
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IV. STRUCTURE OF THE FURNACE FLAMES

The structure of the furnace flame is described in this chapter.
Representative data are presented for both the pure methanol and the

methanol/coal flames.

A. Methanol as the Fuel

1. Temperature

The temperature structure was determined by measurements with a thermo-
couple as described in the previous chapter. Data were taken through each
of the twelve access ports located every 7.1 cm along the furnace axis.
About twenty data points were taken at each port, the distance between
points being dictated by the temperature gradients encountered.

This information , uncorrected for thermocouple radiation losses, is
shown on the temperature map in Figure IV-1. The radial distance is
expanded by a factor of two to improve readability. The most striking
feature is the asymmetry about the centerline. This could be due to a
misatignment of the primary air and fuel jet relative to the centerline
which results in an uneven distribution of fuel. However, another
explanation is that the asymmetry is due to buoyant forces. This would
be the obvious explanation if the temperature map were of a vertical
stice through the furnace centerline. But, since it is a horizontal
stice, the effect of buoyancy is more subtle.

For non-swirling hot jets, the Archimedes number, Ar, is a non-
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dimensional parameter used to characterize the effect of buoyancy (Beér
and Chigier, p 208)
dgat
= 2
u'T
g
where d is the diameter of the secondary air duct, g is the gravitational

Ar

acceleration, u is the velocity of the secondary air, and AT is the dif-
ference between the cold air temperature and the combustion gas tempera-
ture, Tg@ For the model furnace, Ar = .01, which is just at the lower
limit where buoyancy becomes significant. Buoyant forces tend to set up
toroidal circulations perpendicular to the main flow in addition to bend-
ing the axis of the jet upward. If the flow is originally swirling, the
toroidal circulations will add to the tangential velocity on one side and
subtract from the velocity on the other, which in turn could cause an
asymmetry in the mixing and general flame structure.

The maximum temperature obtained is a Tittle over 1725 K as compared
to a stoichiometric equilibrium adiabatic temperature of 2152 K. If the
thermocouple is corrected for vradiation loss, the measured temperature is
still over 250 K below the theoretical maximum. This is due to heat loss
to the water-cooled walls and the fact that the eddys are not necessarily
made up of an instantaneously burning stoichiometric mixture.

Figure IV-2 shows radial temperature profiles at four different axial
locations: 12.7 cm, 26.9 cm, 58.4 cm, and 86.9 cm from the nozzle inlet.
The squares with the solid Tines through them are the measured temperatures.
The dotted lines are the estimated temperatures when radiation corrections
are appiied. In Figure a), which is the location closest to the furnace
entrance, the combustion products have not yet penetrated the outer portion
of the fyrnace, nor have they completely penetrated the fuel rich core. The

radiation corrections are small near the walls because the femperatures are
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Tow. In the center of the furnace, the corrections are small because the
velocity, and thus, the Nusselt number, is large. By 14.7 cm further down
stream, Figure b}, the combustion temperatures have diffused across the
entire diameter except for a cold boundary layer near the wall. The temp-
erature corrections near the wall become quite large because the tempera-
ture is high and the velocity is Tow. The cooling effect of the wall be-
comes increasingly more apparent in Figures c¢) and d) as the gases approach
the outlet of the furnace. The asymmetry noticed on the temperature map
is visible in all of these plots.

2. Chemical composition

The stoichiometric equation of methanol reacting with air is

CHOH + 1.5 (0, + 3.76 N

3 5 = €0, + 2H,0 + 5,64 N

p) = €0y *+ 2Hy 2

To get a more realistic estimate of which products to expect in the furnace,
the NASA equilibrium program, CEC-71 (Gordon and McBride, 1971), was run for
two different equivalence ratios: ¢ = 1.0 and @ = .9. The stoichiometric
case yields the composition which would be expected in the flame front

while the Tean equivalence ratio yields a composition expected from inti-
mately mixing all of the incoming air and fuel before reacting. The cal-
culated compositions are listed in Table IV-1.

Other than nitrogen, the predominant species is water. Figure IV-3 is a
map of the measured water concentration, in volume percent, along a horizontal
plane through the furnace centerline. The equilibrium value is obtained
very auickly near the center of the furnace. The maximum level, greater
than 24%, is more than that predicted by equilibrium. This is partly
due to residual water which enters with the air (about .3%) and partly

to the accuracy of the measurement itself, which is only good to 1%.



TABLE TV-1
ADIABATIC EQUILIBRIUM CONDITIONS FOR

CH4OH (L) +1.5(AIR)
®

P=1 ATM TI$298 K

MOLE FRACTION OF: 9=1.0 $=0.9
Ny .6410 ,6581
H50 .2253 ,2039
c0s 1077 .1018
A .0077 .0079
co .0073 .0012
07 .0039 .0218
Hp .0030 .0005
NG .0015 .0026
OH .0022 .0020
0 .0001 .0001
H .0002 ,0000

TEMPERATURE, K 2152 2037
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The carbon monoxide concentration, shown in Figure IV-4, is high near
the entrance of the furnace. This is as expected. Values go from 8% deep
within the fuel jet to less than .1% in the secondary air stream and near
the exit.

Unlike carbon monoxide, carbon dioxide peaks later in the furnace. It
reaches equilibrium in some regions, as can be seen in Figure IV-5.

Radial plots -of composition are given in Figures IV-6a through IV-6e
Incoming concentrations of methanol are as high as 50% in the primary stream,
but within the first 12.7 cm of the furnace the maximum drops to less than
.3% as shown in Figure IV-6a. By the second measuring port, 19.8 cm down-
stream from the nozzle, the fuel is down to around 100 ppm. The fuel level
remains below about 50 ppm throughout the rest of the furnace, and by 72.6 cm
it has dropped below the detectable Timit of 1 ppm.

The graphs showing HZO’ COZS and CO at fouf different axial locations
are complimentary to the composition maps already discussed. Notice that
by 26.9 cm, the species have diffused across the furnace and sharp gradients
no longer exist. The build up of COZ at the expense of CO can be seen in
Figures IV-6¢ and d.

The dotted Tines shown only in graphs d and e are estimates of the
oxygen concentrations. Because the nitrogen and oxygen elute from the gas
chromatograph at the same time (see Figure II1-6), only their sum can be
determined exactly. For fuels with no oxygen in the molecule, it can be
assumed that the ratio of nitrogen to oxygen atoms is constant throughout
the flame, and thus, knowing the total NZ + 02 concentration is sufficient
to determine both the NZ and 02 concentrations separately. For the metha-
nol flame, the O atom to N atom ratio is .85 in the primary stream and .27

in the secondary air stream. As the two streams mix, the ratio approaches
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an overall average of .35. It is assumed that the mixing is sufficient
by a distance of 58.4 cm downstream to use the .35 ratio. The dotted lines
are derived on this basis.

Small concentrat%ons of propane, 26 ppm and less, were detected early
in furnace near the cold walls. Its presence is, undoubtably, due to
residual propane from the ignition system which diffuses into the secon-
dary air stream.

An effort was made to measure formaldehyde levels in the
furnace with chromatographic techniques. The column used is capable of
separating methanol/water/formaldehyde mixtures but the thermal conduc-
tivity detector is not sensitive enough to measure the low levels encoun-
tered (less than 100 ppm). The ruthenium converter/FID set-up allows
detection of formaldehyde down in the 10 ppm range under ideal conditions,
but the presence of CO2 creates a resolution problem with the chromatogram.
As a result, HCHO was detected only once at a level of less than 75 ppm
(the Tower detection limit under the experimental conditions) at a loca-
tion 12.7 cm downstream and close to the centerline.

The nitric oxide and total NX distributions are shown in Figures IV-7
and IV-8. There are two important things to notice about these maps.
First, the nitric oxide levels are low both in the high tempera-
ture regions and at the exit of the furnace, especially when compared to
the equilibrium level of NO which is about 2000 ppm. This is in agree-
ment with the trend mentioned by Lerner (1973) for a full scale boiler.

Second, the NO makes up less than 2/3 of the total NX concentration.
Recently, other experimenters have observed similar results (Schefer, 1976).
This is more evident on the radial plots of Figure IV-9. For an axial distance

equal to 26.9 cm and greater, most of the remaining NX is probably NO».
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Closer to the inlet, Figure IV-9a, the NX is about three times the NO
concentration. In a fuel rich region such as this, the difference is

Tess Tikely due to NO2 and more 1ikely due to HCN and NH3°

3. Comparison of structure with theoretical predictions

From the stand-point of analytical modeling, if reasonable agreement
between proposed model and experiment is desired, the furnace should be
axisymmetric and the flow such that the governing equations are parabolic
in nature, i.e. without recircu!atﬁoh; In addition, the flow should be
of single phase and the oxidation kinetics of the fuel well-known. Un-
fortunately, except for the axisymmetric shape of the furnace, these condi-
tions are not met.

The program of Gosman, Pun, Runchal, Spalding, and Wolfstein (1969)
for recivrculating flows was used to pvedic% the shape and length of the
flame zone. Application of the program to the present experiment should have
been straight forward, but, as‘is éfteﬂ the caée when}using someone else's
complicated program, problems were encountered. Because of time and money,

many approximations and short-cuts have been made, and as a result, the pre-

dicted structure does not mimic the experimental structure successfully.

The first problem considered is one of geometry. The program is
written entirely in cylindrical coordinates with boundaries either parallel
or perpendicualyr to the axis. The conical quarl in the furnace entrance
has to be approkimated as a series of step expansions, and requires
considerable modification to subroutines BOUNCT, FDEQCT, ADF and MAIN as
well as to the output formats. These steps become sources of numerical
instability becuase the grid is not small enough to model the fluid
mechanics at these locations properly. .

The grid size is the second problem. The program is written with a

maximum grid of 21 by 21. This is expanded to 25 by 25 but still does not
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cover the furnace sufficiently. The grid used is shown in Figure IV-10.
Since the main interest in the study is the combustion and not the heat
transfer to the wall, the grid is densest where the chemical reaction is
expected to occur and coarsest near the wall. Unfortunately, the errors
which occur near the wall make their presence felt throughout the furnace.

The kinetics of methanol oxidation presented the next problem. Based
upon the experiences of others (Schefer, 1976: Altenkirk, 1975) it was
decided that modeling the kinetics of anything but the simplest fuel/
oxidizer system was a several years project in itself. Additionally,
1ittle work has been done on the detailed kinetics of high temperature
methanol oxidation and no global vrate equations have been
derived. For these reasons, the approach used by Gosman, et al., was
adopted; that is, an infinitely fast reaction of fuel plus oxidizer going
to products wherever the equivalence ratio reaches a value of one.

The proper way to model the incoming fuel spray and primary air stream
is not obvious. To handle the Tiquid phase, an additional set of mass,
momentum, and energy differential equations should be solved. Instead, it
is assumed that the fuel is vaporized before entering the furnace and that
half of the primary air has reacted with the fuel to equilibrium. Another
aproximation is that the primary air and fuel stream enter parallel to the
axis. In reality, the spray enters with a conical shape, thus increasing
lateral mixing and forcing the flame to spread more rapidly.

The velocity profiles are assumed flat in both primary and secondary
streams, and the diameter of the primary jet is increased to attain the
corvect momentum.

The treatment of turbulent transport properties is another difficult

area. HAs a gross aproximation, the effective turbulent viscosity is
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computed as suggested by Gosman, et al.
22
Mo ( (BeVe? + oV, )E 1/3

where K is a constant, D and W are the chamber diameter and length, @ is
the mass flow rate in the fuel or oxidizer stream, and V is the inlet
velocity for the fuel or oxidizer stream. p is the local density. An
obvious Timitation to this approximation is the inability to predict a
decrease in effective viscosity as one approaches the walls of the furnace.
The Schmidt and Prandtl numbers are set equal to one so that the turbulent
diffusion of species and temperature are controlled by the same expression.
A summary of the input parameters is given in Table IV-2.

TABLE TV-2
INPUT PARAMETERS FOR NUMERICAL MODEL OF METHANOL FURNACE

Chemical Reaction:
Fuel (.923 CH30H + .077 CO2 + .154 HoO + .868 No) +
Oxidizer (1.384 02 + 5,206 No) =
Product (1.00 COo2 + 2.00 HZO + 6.07 No)

Air/Fuel Weight Ratio (STC): 3.167

Enthalpy of Combustion (HC): 3763 Btu/lb primary
Primary Enthalpy (HP): 4187 Btu/1lb primary
Secondary Enthalpy (HS): 155 Btu/1b Primary

Primary Inlet Velocity (VINP): 116.5 ft/sec
Secondary Inlet Velocity (VINS): 19.89 ft/sec
Primary Intet Swirl Velocity (VIP): 51.3 ft/sec
Secondary InTet Swirl Velocity (VIS): 15.54 fi/sec

Boundary Conditions:
Adiabatic expansion section
Constant temperature (672° R) cylindrical walls
Zero gradients at exit and centerline

Reference Viscosity: 2 x 107° 1b /sec-ft
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After debugging the program, it was allowed to run through 200 itera-
tions (at a cost of $14 on the CDC 7600 computer). Convergence was obtained
everywhere except for the stream function near the protruding steps of the
expansion section.

The calculated axial ahd tangential velocity profiles are plotted in
Figure IV-11. The axial velocity starts out peaked at 13.2 c¢m and gradu-
ally flattens out. The Reynolds number based upon the exit diameter and
total mass flow is about 8000 and the furnace is less than five diameters
Tong, so the velocity profile should not be expected to be near fully
developed. No velocity data was taken, though, so the accuracy of the
calculation remains untested. From Figure IV-11b, the early dissipation
of the swirl is visible. By the exit of the furnace it has almost com-
pletely disappeared. The Nusselt number used in the thermocouple corrections
is based on these velocity profiles.

The calculated temperatures are compared with the corrected experimental
measurements in Figure IV-12, The over-predicted temperature early in the
flame is due to the thin flame approximation. The rapid drop in tempera-
ture in the outer half of the furnace is not noticed in the measured values.
Three factors contribute to this. First, the grid becomes very coarse in
this region, so the boundary layer is artificially thickéned. Second, the
turbulent transport properties are not correctly modeled. And, third,
the computer model does not account for the radial component of the fuel
jet in the conical spray.

Figure IV-13 shows the final numerical calculation. It compares the

predicted CO, mole fraction and the experimental CO2 mole fraction. Once

2
again, agreement is not satisfactory. The over-prediction near the wall

is caused by the constraint that the three grid points nearest the wall
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have a parabolic curve-fit. The coarse grid means that this effect is

extended well outside the region of applicability.

B. Methanol/Coal Slurry as the Fuel

A slurry containing 5.3% by weight coal in methanol was burned at the
same heat release rate as was the pure methanol flame. Fuel delivery prob-
lems discussed in Chapter II reguired replacing the original fuel nozzle
with one of larger diameter. The result is a flame slightly longer and
thinner. The difficultly in keeping the operating conditions constant
throughout an experimental run made repeatability less satisfactory than
for pure methanol.

1. Temperature composition

The temperature structure for the methanol/coal flame is shown in
Figure IV-14. The squares are the radiation corrected temperatures and
the dotted lines are the corresponding temperatures for the pure methanol
flame. The effect of the larger diameter nozzle is evident at an axial
position of 26.9 cm. The drop in temperature on the right side of the
furnace is due to a decrease in mixing of the fuel jet with the secondary
air. This is caused by larger diameter drops associated with the lower
fuel pressure (2 x 10° N/m2 as opposed to 5.4 x 105 N/m2 for the smaller
nozzle) and to a narrower spray cone angle which results from a decrease
in fuel Jjet momentum. By a distance of 58.4 cm, the effect of the nozzle
has diminished, and finally near the exit of the furnace, the difference
in temperature profiles is minimal.

One is tempted to say that the flattening of the profiles in the
Figures b) and ¢) and the large decrease in temperature in plot a) is
due to the increased radiation of the coal particles. Particle radiation
does account for some of the difference between profiles but since the

thermocoupie temperature measurements are only accurate to plus or minus
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about 20 K and since the nozzle variation may have a significant effect,
a quantitative determination of particle effect is not possible.
2. Chemical composition |
COZ’ NO, NX, and particulate levels were measured in the methanol/coal

flame. Figure IV-15 contains plots of the CO, levels for the two flame

2
conditions, the squares being the data for the slurry and the dotted lines
the corresponding curves for the pure methanol. The former points are cor-
rected for water concentration by assuming the water and carbon dioxide are
in a two-to-one ratio. The difference is not striking. The gross effect
seen in the temperature profile at an axial distance of 26.9 cm is not
manifested in the carbon dioxide concentration profile.

The effect of small amounts of coal in the fuel is most noticeable
on the nitric oxide concentration. Optimistically, one might reason that
the NO levels should decrease with small amounts of coal because of in-
creased radiation heat transfer from the flame zone and the accompahying
decrease in temperature. However, inspection of Figure IV-16 shows that
the optimism is not warranted. The NO measurements are indicated with
squares and are at levels five to ten times that of the pure methanol
flame. The NX levels also increase, but the NO percentage of the total NX
is higher than before. The dotted lines on the curves are the NX levels
for the pure methanol flame and are included for reference.

The reason for the marked increase in nitric oxide is the nitrogen
which is bound in the fuel. The coal contains 1.5% nitrogen by weight
which translates to about 200 ppm by volume if it is all converted to NO.
The difference between the total NX in the two flames at the exit center-
tine is about 90 ppm and ranges between 40 ppm and 100 ppm throughout the

remainder of the furnace. A conversion efficiency of the fuel nitrogen of
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about 40% on the average is low according to other workers studying fuel
nitrogen compounds in overall lean systems (Turner, Andrews and Siegmund, 1972).

In Figure IV-16b the total NX dips below the NO curve. This is
an indication of the difficulty of obtaining the NX data for the methanol/
coal slurry flame and is due to unavoidable variations in both the furnace
and chemiluminescent operating conditions. For this reason, the NX data
should not be taken quantitatively. On the other hand, the NO mode of
the analyzer is much more stable, and as a result, the data should be
reliable to 10% or so.

The particulate Tevels were measured for both flame conditions. Levels
of the order of .001 g/m3 were found in the pure methanol flame, while in
the methanol/coal flame the levels were between .08 and .28 g/m3, As a
comparison, the incoming pulverized coal level is about 1.5 g/m3 on the
average, corrected to 1500 K. Figure IV-17 shows the variation of particu-
late concentration with axial and radial position. Except for a few points,
the total particulate levels decrease with axial position. The abnormally
high concentrations found near the wall at 86.9 cm are due to particulates
which build-up on the wall and are then scrubbed off. It should be noted that
the volume used in calculating the concentration is based upon the local
density; this means that a soot cloud will decrease in concentration due to
“temperature increase even without a reduction in total soot mass.

Photographs taken with a Tight microscope at a magnification of 450x
show the history of typical particles. In Figure IV-18 two categories of
particles can be seen. The large spherical black ones are the unreacted
coal particles. The very small particles are likely fly ash or soot particles
which have agglomerated. The number of large particles decreases with in-
creasing axial position as the coal is burned. The total number of small

particles and the amount of agglomeration increases with axial position.
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Y. MODELING OF RADIATION FROM FURNACE FLAMES

Physical processes occurring in realistic flame systems are inherent-
1y complex and interrefated. By necessity, modeling of such processes is
often gross and artificial. But even the simplest model must be based on
sound physical priciples. This chapter is intended to review the basic
physical principles of infrared radiation and existing models for gaseous
radiation. The model used in the present study is developed from this

information (Grosshandler, 1976).

A. Fundamentals of Radiation

There is no attempt here to detail all the basics of infrared radiation
theory. Intevested readers are refered to books by Siegel and Howell (1972)
and Hottel and Sarofim (1967) for complete treatment of the theory and
applications of radiative transfer. C.L. Tien (1968) gives a comprehensive
review of the radiative properties of gases in geheral; while Ludwig,
Malkmus, Reardon and Thomson (1973) discuss predictive procedures for
radiation from combustion gases in particular. An easily readable text

by Barrow (1962) titled Molecular Spectroscopy gives a more detailed

description of the chemical processes involved in radiation.

1. Radiation from surfaces

A fundamental equation in radiation transfer relating the total energy
emitted by a blackbody to the fourth power of temperature was postulated

by Stefan based upon experimental evidence in 1879 and later derived by
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Boltzmann based upon thermodynamics. An attempt to explain the variation
of intensity with wavelength of emitted energy from classical mechanics
was unsuccessful by Rayleigh and Jeans around the turn of the century.
Wien was able to develop a semiempirical law which predicted the spectral
variation of intensity fairly successfully but it was not until Planck's
introduction of the quantized nature of energy that the proper form of
the energy distribution was established. (Tien and Lienhard, 1971,
Chapter 4). The spectral intensity of radiation from a blackbody, be,
as a function of temperature, T, and wavelength, A, is given as

L. 2 C,
Ab x5 [exp(Cy/AT) - 1]

where CT and C2 are the first and second radiation constants defined in

terms of Planck's constant, the speed of light, and Boltzmann's constant.
The value of A which yields the maximum intensity can be found by

differentiating Ikb“ This resutts in Wien's displacement law

_ 2898 um - K

max T

No real object radiates exactly as a blackbody but as some fraction
which is dependent upon both temperature and wavelength. This fraction
is the emissivity of the object, €y - In addition to temperature and wave-
Tength, the emissivity can vary with the direction relative to the radia-
ting surface. If an object is diffuse, there is no directional variation.

For an opaque object, radiation can interact two different ways with
the surface. It can be absorbed or reflected. The fraction absorbed,

Gy o plus the fraction reflected, Oy 5 must equal one. For a diffuse system

in radiative equilibrium, o, equals €45 SO

A

AT TR

ATY materials have different reflectivities, the value of which can be



estimated by application of Maxwell's equations describing the interaction
between electric and magnetic fields. From this theory, it can be shown

that (Siegel and Howell, 1972, Chapter 4)

_ (ny cosg - ny cos x)2 + (K, coSB - Ky cos'x)2

{n, cosB + n; cos x)z + (K» €cOsSB + KKy €OS X)

S e

0 _ {ny cos x - ny c:os,e)2 + (kp €OS Y - chosB)Z
L {ny, cos x + ny ccsB)2 + (ke cos y + chess)z

S e

The prime on the reflectivities indicates that the value is direction
dependent. (Electromagnetic theory can only predict specular properties;
that is, it assumes that the angle of reflection is equal to the angle
of incidence). The subscripts || and | indicate that the incident Tight
is polarized either parallel or perpendicular to the incident plane. ¥

is the angie of refraction and is related to the incident angle, B, by

sin X = ny - ik, l
sTn B~ | np = ks |

where n - ik is the complex refractive index of either the medium
through which the wave is traveling (subscript 1) or the surface off
which it is reflecting (subscript 2).

For unpolarized light,

NI

Oy 7

To determine the hemispherical reflectivity, it is necessary to integrate
pi over all incident angles.

2. Radiation from particles

A beam of radiation traveling through a particle cloud can be
absorbed and scattered. The importance of each of these phenomena

is a strong function of the particle size, the optical properties, and
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" the angle of scatter relative to the incident beam.

These properties are embodied in the efficiency factor, X, and the
phase function, ®, of the particles. The efficiency factor is defined
as the effective particle size for scatter or absorption relative to the
geometrical cross section, A. The phase function accounts for radiation
scattered preferentially into certain angles. An isotropic scatterer
has a phase function equal to‘onee

For particles which are not too closely spaced (d%sﬁance between
centers > 3r), the effect of the individual particles can be summed over
all particle sizes to determine the total extinction coefficient, K. K

is made up of an absorption and scatter term, Kz and Kg.

N(r) A(r) X(r) dr

-~
s3]
i
O Sy 8

N(r) Alr) Xg(r) dr

~
w
i
0 S B

where N(r) is the size distribution function for the particle cloud per
unit volume. |

Eﬂ; principle, the efficiency factor can be determined by solution
of Maxwell's equations for any particle size and shape. This was done
by Mie for spherical particles and the results are summarized by Hottel
and Sarofim (1967).  For many engineering applications, it is
useful to look at the Timiting cases of these vresults.

One 1imit is obtained when the particle size is large compared to the
wavelength of the radiation. The efficiency factors for scatter and
absorption of a particle are just that of a large surface.

X. =p, s» X =c¢
s xh a Ah
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The h signifies that the hemispherical reflectivity is involved. The
above relations are valid for both diffuse and specular reflectors. The

phase functions differ for these two cases.
)
% = s 5 )/pxh

=8 (cino -
oy = 5 (sind - © cos8)

Since the reflectivity and absorptivity are independent of particle size,
the total extinction coefficient for the cloud is

4"

K= Ka + KS = (e ) A

m t Pan

Y]
A is the total projected area of the cloud per unit volume of cloud.

The small particle 1imit is reached when the particle radius is much
less than the wavelength. Rayleigh was the first to derive an expression
for the scattering efficiency factor of a small non-absorbing particle

with unpolarized incident radiation.

y -8 [2m)* 2 1)
s 3 A nz + 2

From the aéymptotic solution to the Mie theory, allowing for absorption,

the results are

X zé_ﬁﬂﬂQ (n - ik)* -1 2

S 3{%)_(&’}—'3&02"?’2
- 27y nK

Xa =24 [ A }(ﬂ2~K2+Z)2 + dn2g?

For the entire cloud, the respective scatter and absorption coefficients

are
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‘ <«

. 2
= oop ™ (n-ik)? - 1 2
g = 24 o Rl [ nen) ve(e) o
. i nK
Ka - 36 “’5‘\‘ (ﬂZ“K2+Z)2 * 4?12{(2 j N(Y‘) V(Y\) dY‘

<

The integral in the absorption coeffiecient is the particle volume per
unit volume of cloud, V.

The phase function in the small particle limit is again independent
of particle size and is expressed as

¢ = g,(1 + ¢c0s%0)

3. Radiation from gases

For the purpose of heat transfer calcultations, the scattering of
radiation by gas molecules can be neglected relative to the absorption
and emission process. The significant difference  between gas absorp-
tion and absorption by a cloud of particles is the strong dependence
upon wavelength of the gas absorption. The banded type structure of
gaseous radiation is a result of the discrete energy levels at which
the gas molecules exist.

Figure V-1 is a diagram showing the different energy levels of a
diatomic gas molecule and three different types of energy transitions
bossib?ee The transition between two rotational energy levels within
the same vibrational and electronic state involves the smallest change
in energy, and since the energy is inversely related to the wavelength,
involves the Tongest wavelength. The electronic transitions cause large
changes in energy resulting in Tlight being emitted or absorbed in the
visible ok'u}tra=véo!eto The r@taﬁiéﬂa? transitions involving two

vibrational Tevels within one electronic state emit or absorb radiation
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in the infrared. It is these last transitions that are of importance
to thermal radiation.

In addition to a change in energy level, the other ingredient
required for radiation is a change in dipole moment of the molecule.
A dipole moment occurs if there is a net distribution of electrical
charge which exists either permanently or instananeously within the
molecule. The dipole moment can change during any of the transitions
mentioned.

A monatomic gas cannot be infrared active since there is no vibra-

tional or rotational structure, but it does exhibit an electronic spectra.

Homonuclear diatomics such as NZs 025 and HZ have no net dipole moment
and so do not emit or absorb infrared energy either. Examples of gas
molecules important in combustion systems which do radiate in the infra-
0 NOZ and CH4,
The allowed energy levels for a rotating linear molecule (in ergs)

red are CO, OH, NO, HZO5 Co

can be determined from the Schridinger equation to be (Barrow, 1962,
p. 50)
e =heBd (J+1) ,J=0,1, 2...

B = grz1c

The moment of inertia of the molecule about an axis perpendicular to
molecular axis is I and the rotational quantum number is given by J.
For a rigid rotator, I is a constant, and the frequency (sec™!) for
a transition of AJ = + 1 can be found by subtracting one energy level
from the other.

v =28 = 2cB (3+1)
This shows that the spectral lines for a rigid rotator are evenly spaced

in freguency.



The quantum mechanical solution of a harmonic oscillator approximates
a vibrating diatomic molecule well at lTow energy levels and is given by

(Barrow, 1962, p. 37)

1 h ' k‘
- = 1
e = (U+w2) 271’\/; v 0,1, 2...

where k' is the "spring constant" of the bond, u is the reduced mass, and
v is the vibrational quantum level. The freguency of transition is

‘\) Z:é?_::-L. .E_(“|
° h Zﬁ\lu

For real molecules which are neither rigid rotators or harmonic oscil-
lators, the energy levels can be determined by a power series expansion in
J(J + 1) and (v + 1/2) to get the following relation for the total rota-
tional and vibrational energy:

e(v, J) = Ve(U + 1/2) - VeXa (v + '1/2)2 * Ve (v + 1/2)3

r vz, (vt 172)* + heBI(J + 1) = o (v + 1/2) 3(J + 1)

2

2
D J°(a
De (J+ 1)+ ...

Vo is the value of the frequency if the vibration were harmonic and Dexeg

Deyeg VaZas % and De are constants. Selection rules which determine which
transitions are allowable indicate that AJ = + 1, Av = + 1, so that the
frequency of transitions can be determined once the molecular constants

are known. Data for many diatomics can be found in Herzberg (1950).

The Tikelihood of any particular transition taking place is a function
of the number of molecules which are in the initial energy state. The
Boltzmann distribution for the number of molecules in state 1 is

N: = giNo exp [-(e; - eo)/kot]
where N_ is the number in the ground state, 9 is the degeneracy of the
initial state (g% = 2J + 1 for rotational energy levels),

kKo s Boltzmann's constant, ei and e, are the initial and
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ground energy }eve?s, respectively and T 1is temperature.

For a typical molecule at room temperature, less than 1% of all the mole-
cules are in a vibrational state greater than v = 0; while a significant
number of molecules can be in a rotational level as high as J = 40.

The transition frequencies for various vibrational and rotational
levels are not precisely discrete quantities. The spectral Tines are
broadened by various physical processes. Application of Heisenberg's
uncertainty principle to the energy levels involved results in natural
1ine broadening. At any but the lowest pressures and temperatures,
this effect is not a significant broadener when compared to other methods.
In engineering applications, collision broadening is important and re-
sults in a line shaped with a Lorentz profile, i.e., the pressure absorp-

tion coefficient for the line is given as

K =S it
v o (Ve = v)° + yLz
S = J k d
vV
[>]

where S is the integrated line strength or intensity, Y, is the half-
width of the collision broadened line, and v, is the line center freguen-
cy. These are defined in Figure V-2. Doppler broadening becomes pre-
dominent at higher temperatures and lower pressures and yields a line

pressure absorption coeficient shaped 1ike

2 S {}nzr/z ga«(\)o - 9)2 1n2 |
=2 | —= exp ;
V.o Yp LT p j

where Yp is the Doppler broadened 1ine half-width. The collision and

Doppler Tine half-widths vary with temperature, pressure, and ve.

WL gy T

J
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The energy emitted from a uniform gas path of length 2 can be written
as

I, = f L. [1 - exp (»Kvl)] dv

where Kv = kVRis and Pi is the partial pressure of the absorbing gas. But
since the line is very narrow, the blackbody intensity can be removed from
the integral and approximated as a constant evaluated at the Tine center.

The remaining integral is called the effective Tine width, W.

=
[

g [T - exp (&K\)%)j dv

This integral can be easily evaluated for the two limiting cases of optical

depth (Kvﬁ)a For large Kvﬂ (strong line limit) and a Lorentz line profile

W o= ZYL1/2 (SQ)T/Z

while for small Kvﬁ (weak Tine limit)
W = Sg
The general solution for W with a Doppler profile is a series of

the form

- /21 n
= S {1In2 | 1/2
W sznzo YD(“I /[(n+})n(n+1) ]

A1l of the rotational transitions which occur for one particular
vibrational transition are said to make up a band. The absorption of
a band is a function of the individual line intensity and the spacing
between lines. For any but the simplest band at Tow pressures and temp-
eratures, a line by line summation of intensity is tedious, if not unreal-
istic. As an example, the details of a diatomic vibration-rotation bond
will be presented based upon Malkmus and Thomson (1961). Using their

. . -1 s
notation, w is the wave number (w = v/c, cm ). The frequency of transition
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for an anharmonic non-rigid rotator can be written in terms of w.

0= ot Be [ + 1) =33 + 1]

g [(v +3/2) 9(0 + 1) - (v +1/2) 3(J + 1)1,
where

2

3
W, = W, =2(v + 1) woXy [3(v+ 1) + 1/4] weYe * [4(v + 1)+ (v + 1)] WaZq

U
Substitute m = J + 1 for the R-branch (AJ = +1) and m = -J for the P-branch
(AJ = -1) to get a quadratic equation in m.

wim) = o, * ZBem - Og Im(m + 1) + 2(v + 1/2) m]

or

Be = 00+ 1) FVIB, - a o+ DT - o lu - w )

o
e

For non-overlapping bands, the total band intensity, aUU * }5 can be found

by summing the individual Tine intensities

v+ 1 - SU+§9 J+1
J, J¥1 Y

An expression for the individual line intensities can then be written based

upon Penner (1954)

- - T

gutls 1 utl g m+ oxp - ﬁg_[Be A (v + 1)

u,d % e!FQT P o
“u

{ % Ye/2
ng[B (u+'}]m 1+B ~-a( U+1éw-w%
e e L e .

e

x (1 + Cm+) gi - exp(nwgfgﬁg

The term C is the ratio of the zeroth to the first order term in the

expansion of the electric dipole moment, and

— v+l [ ‘ he
wU = wU '2 - ex?{"“\)g”ﬁ”
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The + or - sign corresponds to the P or R branches of the band.
The total band intensity is usually determined at one temperature.

To account for variations with temperature, use

i "H
+1 _ +1 ws(T) w V7H(T) he 1 .
@UU (1) = QUU , (TO)'E; (TO)EBU+}(TO) exp E(wU - W) §%(T;““ ?Jg

The average line spacing, dU(w)5 can be written as

d,() = 2/, = a (v + N7 - o (0- @)

4. The equation of transfer

Let radiation of spectral intensity Ix be incident upon a differential
volume at a position 2. The intensity of the radiation leaving the volume
at £ + d2 will depend upon the absorption, emission and scattering within
the volume (see Figure V-3). The reduction in inténsity due to absorption
is IX(%)Kadza The increase due to emission is IbAKad2° Similarly, the
intensity scattered out of the volume is Ix(l)KSdzs To account for radia-
tion scattered into the volume which adds to the intensity, integrate over
all solid angles and allow for preferential scattering.

K

_ s
scattered in ¥ = 7y J I, (%, 9;) e, 9,)d o
Qs

1

I

where O is the solid angle. Performing an energy balance on the volume

results in '
Ik(ﬁ + de) = IA(Q) - Ix(l)Kadﬁ + be(g)KadQ
KS (
- Kszx(z)dx t o | ;X(z, Qi) (0, Qi)d 2,
2
Rearranging,
i N ‘s 1
woc oK Ks> 7 Kaibx Y| Iﬁgi) 2(2, Qi)d &
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Thisg@quation can be integrated after multiplying by the transmittance

T, 5 exp g - { (Ka + Ks) de
‘. % - _
( . KS ( ‘%T ! :
I, = 1, n(0, 2) + J Ka*bx o | Ix@dﬂé_ (81, 2)de

This is the general and complete form of the integrated equation of trans-
fer. Formulation of the parameters K39 K. and & were discussed in previous

sections so, at least in theory, I, can be determined along the path from

A
0 to %.

For realistic engineering computations, the complete equation is
rarely solved., A great simplification occurs if scattering is unimportant
relative to absorption. For a gaseous system, this is always the case.
When particles are present,if the diameter is in the Rayleigh scattering
Timit, the scattering coefficient relative to the absorption coefficient
is proportional to the particle diameter over the wavelength, the whole
quantity cubed. Since, in this limit, d/A is already much less than one,
the scattering is negligible relative to the absorption.

In the large particle Timit (Ks/Ka) = (p/e). For coal and soot
particles, which are of interest in furnace radiation, the emissivity is
at least four times the reflectivity. Neglecting K, should be, therefore,
a reasonable assumption.

For medium size particles, it is not as obvious that scatter is less
important than absorption, but for simplicity, this is also assumed for
the furnace radiation problem. With these assumptions made, the final

form of the integrated equation of transfer is

d

WTK(RE ' )CUZ,!

%
{
I,=1, 1. (o, &)+ l?; (2")



B. Calculation of Radiation Properties

1. Particle radiétion

To evaluate the effect of particles on the intensity of the furnace
flame, the information which is required is the complex index of refraction
and the size frequency distribution of the particles.

Foster and Howarth (1968) have determined the indices of refraction
for various carbons and coéls° Their specimen number 2 is close to the
coal used in the furnace. In the range of interest, between a wavelength
of one and six microns, n = 1.6 and « = .3. From Dalzell and Sarofim
(1969), the optical properties of propane soot are n = 2.4 and ¥ = 1.4,

If it is assumed that the coal particle radiation is much more important
than the soot radiation, then the data of Foster and Howarth is appropriate.

Using the relations in section A-1., the directional reflectivity can
be found, and an estimate of the coal particle emissivity can be made.

£ ~ .88

coal
Many frequency distribution functions are of the form

Fo(r) dr = a, pPo g=Col 4

To approximate Fo(r), data from Milne, Greene and Beachey (1974) for
pulverized coal was fit to the above form wﬁth‘bo = 1. Their size dis-
tribution should be representative of the coal used in this study since
both were prepared by the Bureau of Mines using similar coal and grinding
techniques. The result is a, = 1.722 x 107 and co = 4150 with r in cm.
Since the coal particles will decrease in radius as they pass through
the flame, some technique must be used to allow for the change in size
frequency distribution. The initial particle load per unit volume of inlet

gas, No(g/cmg)g is known. The value of W at various locations throughout

the furnace 1s measured. Steady-state studies of burning droplets show that
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the surface area of the droplets decreases linearly with time. If it is
assumed that the decrease in particle loading is a measure of the time

that the coal has been in the flame zone, then it is proposed that

[s] n, [ve]
A J F(?)rzdr = ¥fe T f Fo(r)rzdr
(v} w0 (o3

where F,(r)dr is the initial size frequency distribution. Inserting the
value for Fo(r), solve for F(r) and get

v N2
F(r) = aor exp | - co %3-%2

The temperature ratio in the exponent is required to allow for simple
changes in density which will effect the value of the particle loading.

The absorption coefficient requires evaluation of N(r), the size
frequency distribution per unit volume. The volume of gas is determined
by multiplying the total particle volume by the particle density and

v
dividing by the particle load per unit volume, W.

N(r) = 5 mF(r)
coal L3
m J LIS F(r)dr
Ny O'\;
Define V and recall the definition of A for spherical particles
?‘*
r¥* v ( rBF(r)dr
o W J
V(r*) = [ N(r)V{r)dr = 5 =
2 coal 3
( r F(r)dr

[AV]
Kirey = f N(P)Ar)ar = 3 T
© “coal

Y\*

8
Sy 8 15 Ny 8
" -5
N
-
-
~
g
o
-3



The absorption coefficient can be approximated in the small and

large particle 1imit by

K :;3;6, K

A

V(e + A(r%)

€coal

The meaning of r* is that value of radius such that the small and large
particle 1imits predict the same value for Ka’ which in this case is

2?! ‘
= 1
"“‘;\‘ = g.,z

Y] AV
A and V can be integrated exactly to

" v 4 3 2
V= MW 1 - emcr* (cr*) + (cr*) + (cr*) +
k1
Peoal 24 6 2 cr* + 1
" 2
N = %6_ 5 W ¢ emor® §ch*)3 + <C;*) + oo o+ 1}
coal
Y
where ¢ = ¢, %9 %Qv 12
W

2. Gas radiation
To calculate the intensity of radiation from a gas cloud, three
questions must be answered: what are the absorption properties of the
individual Tines of the different species, how can these be summed up
over an entire band, and how can non-homogeneous effects be accounted for?
The gaseous species which are expected to be important in this
study are listed in Table V. The fundamental transition of CO at 4.67 um
is much stronger than its first harmonic. For COZ the bending vibration
which occurs at 15 um is important at lower temperatures, but, because
of the Planck distribution of energy, at typical flame temperatures the
assymmetric stretching mode at 4.26 um and the combination band at 2.7 um

are the only bands that need to be considered. The two bands around
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Mode

Fundamental
Tst Harmonic

Bend

Asymmetric Stretch
Combination Bend
and Stretch

OH Bend

OH Symmetric and
Asymmetric Stretch
Bend and Stretch
Symmetric and
Asymmetric Stretch

-0 Stretch
C-H Stretch
C-H Bend

TABLE V. VIBRATIONAL SPECTRA DATA
Molecule Wavelength Transition
co 4.67 um v=l to 0
2.35 um v=2 to 0
1 0
CO2 15.0 um 01°0 to 0070
4.26 um 00°1 to 00%
2.70 um 0291 and 10%
to 00%
HZO 6.27 um 010 to 000
2.70 um 100 and 001
to 000
1.88 um 011 to 000
1.38 um 101 to 000
CHBOH 9.67 um v4:1 to 0
3.52 um v2:! to O
3.36 um VE:E to 0
2.72 um ve=1 to 0

0-H Stretch
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2.7 ym and at 6.27 um are the largest contributors to the H20 radiation.
Some effect is also due to the 1.88 and 1.38 um bands. The strongest
methanol vibration occurs at 9.67 um; however, the Planck distribution
at flame temperatures biases the radiation towards the weaker 3.52 and
3.36 um C-H stretching and bending. The 2.72 um 0-H stretching vibra-
tion is unimportant when compared to the contribution at that wavelength
from CO

and H,0.

2 2
In section A of this chapter, the absorption properties of individual
lines of molecules such as these was discussed and an example of a diatomic
molecule was given. This is applicable directly to the fundamental vibra-
tion of carbon monoxide. The assymmetric stretch mode of carbon dioxide
can also be approximated as an equivalent diatomic oscillator. Details of this
are given by Malkmus (J. Opt. Soc. Am., 1963). The 2.7 um band of C0» cannot
be approximated as a simple diatomic vibrator, though, since this band is the
result of a combination of all the normal vibration modes. Malkmus (fGeneral
Dynamics, 1963) discusses how the diatomic approximation can be extended with
emipirical correlations to treat this band effectively. The absorption
properties of water lines cannot be predicted in any tractable manner
based upon the fundamental quantum and satistical mechanics, so it becomes
more fruitful to use tabulated experimental results for the bands and not
worry about the contribution from individual Tines. For a non-Tinear six
atom molecule 1ike CHBOHQ no data are available for the absorption
coefficients, and any approach to predict them from fundamental
physics would be extremely cumbersome. Fortunately, in the furnace
flame, large concentrations of methanol are confined to the cooler central
core at the furnace entrance and do not contribute significantly to the
total radiation. Therefore, methanol, along with trace species such as

NG, NOZ and HCHO, is neglected in the radiation calculations.
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If there were no ever?apping Tines within an individual band the
total absorption properties would simply be due to the single Tlines. In
general, there is always overlap of lines due to neighboring rotational
lines of the same branch, overlap of Tines from the other branch, and
overlap of lines from different vibration transitions (i.e. v=0->v =1,
v=1=v=2). Depending on the molecule and band, different approxi-
mations are used to sum up the effect of all lines at a given wavelength.

One of the simplest techniques is the Elsasser model which assumes
that the total absorption coefficient at any frequency is made up of
contributions from lines which are evenly spaced and all of the same
intensity and half-width. If a Lorentz line profile is used, the pressure

-1 -
absorption coefficient (atm 'cm E) can be written as

N C Vi (g)
w” T @ Td() 12+ v, (o)

where ¥ (@) and d(w) are the Lorentz Tine half-width and the line spacing,

respectively. The series can be summed exactly to

K o= Sinﬁ(ﬁ%l;)
w o d CoSh(ZgYL)w COS(E%ﬁ)

The w dependence of S, d, and Yy has been dropped to simplify notation,
but it is implied throughout the remainder of this discussion.

For a polyatomic molecule at higher temperatures, the approx%mations
of the Elsasser model are not valid. Goody(1964) has devised a better
model under these conditions which assumes that the lines are randomly
spaced and of an exponential distribution in intensity. With the Lorentz

Tine half-width assumed constant, the resuylt is
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Sp/de
C = E/CE

where the "E" subscript denotes average values over a small wave number
interval and 2 is the path length.

In addition to the above two models, there are ones which incorporate
a Doppler line shape, ones which contain a combination of line shapes,
and ones which combine elements of the random and evenly spaced line
assumption. These are discussed in Goody (1964) and Ludwig, et al. (1973).

The optical depth is defined as
L
X = kaidz

5

With this definition, the transmittance becomes t = e”™*. For the optically
thin (or weak 1ine) 1imit, both the Elsasser and Goody models become (for

a homogeneous path)

: (S
Tweak T €*PL7g pi£>

The Elsasser and Goody strong Tine limits, also for a homogeneous path,

become respectively

!(HYLPiQS)T/Z}

TElsasser9 strong M erfc& d

E <T“YLP#S>WE
+ exp ]

TGoody, strong

For vibrational bands such as the CO fundamental and the 2.7 and
4.26 um bands of COZ” some form of the diatomic rotating oscillator
approximation canbeused to determine the strengths of the individual Tines
of the P and R branches as discussed earlier. These can then be summed

rigorously over both branches and all significant vibrational levels to
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get the total pressure absorption coefficient or transmittance in any

particular wave number interval. In the weak Tine limit, the result is

Spogl
Tweak d

d 1 j
where the bar indicates averages over a small wave number interval and
vtkl, J+1 vtl, J-1

S ji t 5, 3
- d,

exp |

f”“”" "

I

The parameters in the above equation were defined for a diatomic oscillator
earlier in the chapter. (S/d) is termed the mean absorption coefficient
since it becomes identical to kw in the weak Timit. The strong line

Timit yields the following value for T

with
) é o, J+1>‘/2 v, M)”Z
<§E/2 T | SU9 J + SU5 J
d La | d x
v=0 é v 4
(S 1/Z/d) is called the mean strong-line parameter.

If the optical path were homogeneous or in the optically thick or
thin timits, the calculation of the radiant intensity would be straight
forward once the spectroscopic parameiers of the gas were known. In the
furnace, the path is far from being homogeneous. To account for this,
a technique called the Curtis-Godson approximation is used to calculate
the optical depth of the gas. Basically, what this approximation does is
replace the inhomogeneous path with an equivalent homogeneous path which
results in the exact solution for both the weak and strong absorption Timits.

X
X. . = waak

C-G 1/2
b waak

e

3 ﬂ. j
\ ® )
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where L
(3
fweak <§> P10k
L
Y
oo [ (S)re

weak .

That is, Xweak is the total optical depth which would result if the path

were optically thin between o and L; and a is the line thickness to spacing
ratio averaged over the optically thin path. It can be easily shown that
this approximation yields the same value for transmittance, as is given on
the previous page, if the path is truly homoaenous.

The Lorentz line-width, UK is often tabulated for mixtures of the
radiating gas with nitrogen at 273 K. To account for temperature and
for different line broadening effects by molecules other than nitrogen,

YL should be modified as follows:

n
Z 3 (273 i

where m is the broadening parameter for species J interacting with the

species of interest.

C. Computational Procedure for Integration of Equation of Transfer

With the optical properties of the combustion constituents calculated
and the temperatures and partial pressures across the line of sight known,
the spectral and total intensity can be determined by integration of the
equation of transfer. With scattering neglected, the equation can be
written

dr, (2)

= { - 4
I 1 TK\OsL) i ds

O Sy T
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where Tx(ﬁ) = exp [- ZXX(Q)3° For the gaseous species, X, is the optical

A
depth using the Curtis-Godson approximation between o and 2. For parti-

culates, L
XX = { KadQ

o
If the intervals are taken sufficiently small, the integral can be
put in the form of a sum. Also, since the walls of the furnace are cold,

neglect the radiant intensity leaving the far wall at L.
M

f = 2 be(m) (Thm ) T"m-"z)]

m=1

M is the total number of intervals across the furnace. It is important
that the distance intervals be small enough such that inhomogeneous effects
are negligible across each individual interval.

To determine the total intensity at any given axial position along
the furnace, the spectral intensity is numerically summed over the wave-
length range of interest, usually between 1 and 8 ym.

b= 2 b iag = 272

A program has been written to perform these computations. It has the
capability of determining the vradiant intensity, both spectral and total,
from any inhomogeneous mixture of 6023 HZOS CO, soot, and coal. There
are no requirements on temperature or concentration profiles as long as the
distance intervals are chosen sufficiently small. If the coal particle
concentration is too large, errors are introduced since particle scattering
is not consfdered, Under the conditions of the furnace in the present
study, nealecting scatter should be reasonable.

The program is divided into six subprograms, one function routine,
and a section for block data. 7The main program has the name RADCALC. Its

purpose s to read in data, determine the optical depth in each distance
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and wavelength interval, integrate the equation of transfer, and print
and punch the output. The calculational procedure follows closely the
technique suggested by Ludwig, et al. (1973). For each wavelength and
distance interval, j, the calculation starts after reading in partial
pressure P. ., temperature Tjs and distance interval Qis by determin-

s J

ing the pressure path length, u, ’E and Lorentz Tine half-width, v, ,
iy L
for each gas component, i = 1 to n.

- 273
Yi,i 7 TiLg 3<T>
n
, M.
- 273\ 1,3
Y = X Yo s P. (w)
Lisj i%z Todog3 1ad Tj

The optical depth for the weak-1ine Vimit, XWeaks and the Tine width to

spacing parameter, a, are then calculated for each of the M intervals.

M
d. = o Y — — U, .
i Xweaki ;é% Lii \dq 5 /g 5 T

Here (T/d) is the inverse of the line spacing and is related to the mean

strong-line parameter by

Using the Curtis-Godson expression, the optical depths for each species
are calculated as mentioned in section B. The total transmittance can
then be calculated and, with the black-body intensity for the particular
interval temperature, can be used to determine the spectral intensity.

This is done for all wavelength intervals of interest and the results
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then added to get the total intensity.

The vatues of (5/d) and (T/d) as a function of species temperature,
partial pressure, and wavelength are calculated in the subroutines
COEFCO2Z, COEFH20, and COEFCO for COZ’ Hzoskand CO, respectively. The
€O parameters are calculated rigorously from the anharmonic, non-rigid,
rotator model of Malkmus and Thomson (1961). The parameters for the 4.3um
band of CO2 are calculated from Malkmus (1962), while for the 2.7 um
band, the model of Malkmus (1963) is used. The parameters for all the
bands of water are determined by interpolation of the data tabulated by
Ludwig, et al. (1973), and which is included in BLOCK DATA. Provision
is made for an additional species such as methanol or methane to be in-
cluded if a suitable calculational procedure is found. This would then
be inserted in subroutine COEFUEL.

The absorption coefficient and optical depth due to particulate
radiation is calculated in subroutine POD. This routine contains the
algebraic expressions discussed in section B.1 of this chapter.

The function routine, PLANCK, is called whenever the black-body
intensity is to be calculated.

The output of the program includes the total intensity and a listing
of the spectral intensity versus wavelength, along with all of the input
composition and temperature profiles. The spectral intensity is also
punched on cards so that it may be plotted by insertion into the program
called PLTEMIS.

A complete Tisting of these and other programs, along with input

instructions are to be found in Grosshandler (1976).
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VI. RESULTS OF RADIATION MEASUREMENTS IN THE FURNACE

The visible radiation from the furnace burning methanol and a
methanol/coal slurry can be seen in the photgraphs in Figure VI-T.

The photographs were all taken with an electronic flash at 1/60 second,
and the f-stop was not changed for the two furnace conditions. The
pure methanol flame is almost invisible in photographs a) and b) but
particulate radiation can be seen in ¢) and d) from the methanol/coal
flame. A photograph of the methanol/coal flame without a flash is
shown in Figure VI-2. The camera was set at 1/1000 second and focused
on the center of the flame.

The visible radiation is not always a good indication of the
infrared radiation. To measure the infrared radiation, the technique
discussed in Chapter III was used. Selected results of these measure-
ments are presented here. These are compared with calculated inten-

sities from the program RADCALC and other more simplified models.

A. Methano! as the Fuel

The measured spectral intensity at four different axial Tocations
is shown in Figure VI-3 through VI-6 as a function of wavelength. The
most predominant feature of all four of the plots is the peak at 4.26 um
resulting from carbon dioxide. Of almost equal importance is the double
numped band centered around 2.7 um. This is due to both the water and

CO? in the combustion gas. Smaller water peaks occur at 1.38 and 1.88 um.
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FIGURE VI-2. Visible Particulate Radiation from First Three Ports
of Furnace Buvrning Methanol/Coal Sturry (1/1000 sec)
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The Tow broad band centered at 6.27 um and stretching from below 5 to

greater than 8 um is also due to water vapor. Since it is the area under
the neak and not the absolute maximum which is important, this band makes
an appreciable contribution to the total heat transferred from the flame.

In addif%on to the above vibration-rotation bands, Figure VI- 3 shows
evidence of a band at 3.3 um which is due to C-H vibrations. By a posi-
tion 26.9 cm downstream, the hump at 3.3 um is not discernable above the
wing of the 2.7 um band, indicating that most of the fuel has been con-
sumed by that time. A careful inspection of the four spectra at 5 um shows
a change in slope from negative at 12.7 cm downstream to about zero at
26.9 cm to positive at 58.4 and 86.9 cm. This is due to the gradual
disappearance of carbon monoxide, which has a peak at 4.67 um, as the
combustion gases continue to react.

Since the water and carbon dioxide approach their equilibrium values
early in the furnace and maintain thems the change in heiaht
for the major peaks can be attributed mostly to the change in furnace
temperature. The peak intensities are moderate at 12.7 cm, reach a maxi-
mum at 26.9 cm, are again modearate at 58.4 cm, and have diminished to
half their maximum values by 86.9 cm. The shoulder which appears on the
teft side of the 4.26 um peak in Figure VI-5 and 6 is due to absorption
by a relatively cool layer of COZ which sits just in front of the mono-
chromator window.

If each of these spectra are integrated across wavelength, the result
is the total intensity leaving the flame at any given axial position in
a horizontal divection perpendicular to the furnace axis. The total
intensity is shown in Figure VI-7 plotted as a function of axial distance

downstream of the fuel nozzle. A maximum intensity of about 1.6 w/cmznsr
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is reached 20 cm downstream, and the intensity drops to about .65 w/cmzasr
at the furnace exit. The double set of points at axial positions of 66
and 87 cm is from a duplication of runs taken on different days with

differing calibrations. The reproductability is good.

B. Methanol/Coal Slurry as the Fuel

Radiant intensity measurements similar to those in the pure methanol
flame were taken. The intent was to quantify the effect of adding 5.3%
coal to the fuel on the flame intensity, assuming the basic structure of
the flame was not significantly perturbed by the coal. As mentioned in
Chapter IV, the nozzle diameter had to be increased to allow burning of
the slurry, resulting in a significant change in the structure of the flame
near the furnace entrance.

Figure VI-8 shows the spectral intensity taken 26.9 cm downstream
of the nozzle. The dotted Tine is included to allow comparison between
the two fuel systems. Of primary interest in this experiment was to
observe the increase in continuous radiation by adding coal to the fuel.
The continuous radiation can be observed by looking between the peaks,
especially at 1.7 and 2.3 um. Even though the total radiation from the
gaseous species has been decreased by the change in flame structure,
the continuous radiation at these locations has increased considerably.

Figures VI-9 and 10 show two more spectra taken 58.4 and 86.9 cm
downstream of the nozzle, respectively. Just as the flame structure of
the two fuel systems becomes more similar with increasing axial distance,
so does the flame intensity. The difference in the banded radiation is
not large in these two figures. The continuous radiation at 1.7 and 2.3um

is still appavrent at 58.4 cmy but, by 86.9 cm the decrease in temperature
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along with the burn-out of the coal has reduced the radiation from the
particulates.

The high value of spectral intensity between 3.5 and 4 um on Figure
VI-7 indicatés that particles have built up on the walls. The intensity
contribution from particles in the flame can be estimated by measurements
at 1.7 and 2.3 um. Based on a reasonable particle temperature of 1500 K,
the value of intensity due to the high temperature particle cloud should
be reduced by a factor of three at 4 pm. The discrepancy in intensity at
4 um can be made up if it is assumed the walls act as a blackbody at 700 K.

Even though the walls are water-cooled and are kept below 373 K with the

pure methanol fuel, coal build-up insulates the cold surface from the

hot particles which impact on top of this insulation layer. This problem
can be avoided in future work by redesigning the furnace wall plugs oppo-
site the viewing ports.

In addition to particel build-up on the walls, there is the problem
of particles depositing on the monochromator viewing windows. This is
accounted for by taking two spectra consecutively. If there were no
build-up on the windows, both spectra would be the same. By measuring

the decrease fn intensity between the two, it is possible to formulate

a degradation factor which is a functionof time and wavelength. This is
done and the recorded data is corrected in the data reduction program,
FLAMRAD (Grosshandler, 1976),

The spectral emittance is defined for a homogeneous volume emittor
as the spectral intensity which leaves the volume divided by the spectral
intensity that a blackbody would emit at the same temperature and wave-
Tength. The emittance 26.9 cm downstream of the nozzle is plotted in

Figure VI-11. The dotted line is for pure methanol and the solid line is
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with the addition of 5.3 % coal. The Tine of sight is not homogeneous,
so an average fourth power of temperature was used to predict the black-
body radiation. The effect of the coal particles is to increase the emit-
tance of the flame at the shorter wavelengths, and the effect of the dif-
ferent nozzle is to decrease the gas emittance. The total emittance for
the coal-seeded flame is .135 compared to an emittance of .098 when no
coal is added.

Siegel and Howell (1972) suggest that the absorption coefficient of

soot can be fitted to an empirical expression of the form

= o 2 -8
Kargoor = M A

where W is the average soot cloud density, o is a constant related to
the size distribution., and B is a constant for a given wavelength which
depends on the optical properties of the soot. It is assumed that this
expression holds for coal particles as well as soot, and that the wave-
length dependence of B is negligible. The emittance is related to the
absorption coefficient by
gy = 1 - exp(nKax%)

Therefore, since the particulates account for all the emittance in the

region between the gas bands, values for o and B can be determined from two

values of emittance by the relation

o WY
\B

= -In(1 - EA)

The expression for the absorption coefficient then becomes
Kay, = 1.70 i/n - o8
with W in g/cm3 at flame conditions, A in um, and Kay in em™'. The value

of the wavelength exponent is about 50% higher than that for various soots
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(Siegel and Howell, 1972)° This is due to the much larger size of the
coal particles and the difference in optical properties of the coal. A
more rigorous treatment for Kax was discussed in Chapter V.

The total intensity at each port is graphed in Figure VI-12. A
small correction factor has been added to the coal data to allow for
the fact that the spectra did not extend all the way to 8 um as did the
pure methanol data. If the point at 34 cm is ignored, a reasonabie
shape to the curve is obtained. The effect of the coal and the larger
nozzle is to reduce the intensity early in the flame and to move the
point of maximum intensity further downstream. Near the exit of the
furnace, as the importance of the inlet jet momentum declines and the coal
narticles burn out, the intensities of the two fuel systems approach
a common value. There is no apparent justification for discarding the
data point at 34 cm except that furnace stability is difficult to achieve,
and possibly too much fuel was being burned during this particular run.
Also, the particulate deposition on the monochromator windows between

20 and 48 cm was large, leading to another possible source of error.

C. Comparison of Results to Those of Radiation Models

With the radial profiles of species concentration and temperature
known, it is possible to verify the intensity measurements with the pro-
gram RADCALC (see Chapter V and Grosshandler [1976]). Three different axial
locations were chosen for each of the two fuel systems. The predicted
spectra are shown in Figures VI-13 through VI-15 for the pure methanol
and Figures VI-16 through VI-18 for the coal/methanol slurry. The

dotted 1ines on each graph are the corresponding measured spectra.
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Qualitatively, the agreement is satisfactory. A1l of the major peaks
are predicted. The shape of the 4.26 um COZ peak does not agree completely
in most cases, nor is the fine structure of the 6.3 um water band pre-
dicted. The major problem, though, is the general under-prediction of
the intensity all across the spectrum.

Table VI-1 compares the total integrated intensities of the curves.
In all but the last entry, the calculated values are 23 to 33% low. Since
the program was verified by using other experimenters' data (excluding
particulate radiation), it appears that something else is in error. An
explanation is that radiation eminating from the far wall is not negli-
gible. It is true that radiation emitted by ihe cold wall is negligible,
but when a soot layer is allowed to build up, the surface temperature
increases and so does the emitted energy. For the pure flame with no
soot on the far wall, there is energy which can be reflected into the

1ine of sight.

TABLE VI-1. TOTAL INTENSITIES OF EXPERIMENTAL
MEASUREMENTS COMPARED TO CALCULATED INTENSITIES

Axial Tocation Fuel Experimental Calculated Error
26.9 cm Pure Methanol  1.60 WenP-sr  1.17 Wem-sr  -27%
58.4 1.02 74 -27
86.9 .73 .56 ‘ -23
26.9 Methanol/Coal .67 .45 -33
58.4 1.27 .85 -33
06.9 .59 .61 +3
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adiabatic equilibrium levels across the entire line of sight. The result
is shown in Figure VI-19 for the pure flame case at a distance 58.4 cm
downstream. The only noticeabledifferences are in the 4.26 CO2 band.
Using a larger value of COZ than actually exists near the wall results

in too much reabsorption, and using the equilibrium value for CO results
in an underestimate in intensity at 4.8 um. Overall, there is a decrease
in intensity of less than 3%.

The spectral intensity is much more sensitive to temperature than
species., Figure VI-20 shows another calculation with the additional
assumption that the temperature is also constant across the diameter and
equal to the adiabatic equilibrium value. This causes a gfoss over-
estimation across the entire spectra, yielding a total intensity of
1.86 W/cmzwsr as compared to .74 w/cmz—sr when using the measured profile.

In a final attempt, RAﬁCALC was used to predict the intensity with
the profiles generated by the Gosman program for recirculating flows.
This is shown in Figure VI-21. The agreement is poor when compared to the
other calculations and even worse when compared to the measured values.
In all fairness to the Gosman program, though, given a finer
grid and a more sophisticated turbulence model, the results would
be much improved.

To compare the accuracy of the narvrow band technique to a wide band
model, the Tien-Lowder correlation of the Edwards exponential wide band
model was used. For the pure methanol flame at 58.4 cm downstream, the
602 and HZO concentrations and the value of temperature to the fourth
power were averaged across the diameter of the furnace. These values
(.09 for the C029 185 for the H209 and 1549 KVfor the temperature) were

inserted into a program called HMIXRAD to calculate the band radiation.
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Grosshandler (1976). The results are plotted on Figure VI-22 and compared
to the nonmhomogeneous narrow band calculation of RADCALC. By its nature,
a wide band model cannot predict the spectral intensity in the region of
the band; however, the total integrated intensity can give a reasonable
prediction. For this case the total intensity from HMIXRAD is .78 W/cmzasr
as compavred to .74 W/cmz—sr from RADCALC, a remarkable agreement.

The total emittance at this same axial Tocation has been determined
based on these intensity calculations and compared to estimates from charts

of Hottel (Hottel and Sarofim, 1967). The results are shown in Table VI-2.

TABLE VI-2. TOTAL NORMAL EMITTANCE OF PURE METHANOL FLAME
AT X = 58.4 cm (T = T4 /%

Method Emittance
Experimental Result .098
RADCALC 071
HMIXRAD .078
Hottel Charts . 081

D. Comparison of Results to Those of Other Experimenters

The bulk of applied research into the parameters which affect fur-
nace flame radiation has been done by the International Flame Research
Foundation and dates back to the Tate 1940's. The results of the first
trials at IJdmuiden (J. Inst. Fuel, 1951 and 1952) deal with the effect of
fuel type (fuel 0il or creosote), the quantity of fuel, the atomizing
agent (water or steam), the amount of atomizing agent, and the amount of
excess air on the flame structure and radiation. Add%tionai experiments
carried out between 1951 and 1953 looked again at some of the same para-

meters and determined the effect of burner design (J. Inst. Fuel, 1953
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and 1957). Burning mixtures of Tiquid fuel with coke-oven gas was the
subject of further tests (J. Inst. Fuel, 1956). Carbon black was added

to gas oil and fuel o1l in another set of experiments (J. Inst. Fuel, 1959)
Qith the intent similar to that of the present experiment. In 1960, Beér
and the Flame Research Foundation used a’pressure jet burner in the IJmuiden
furnace and studied the effect of adding a flame stabilizer disc on the
radiation and structure of the flame (J. Inst. Fuel, 1962).

On a smaller scale, Holliday and Thring (1957) performed experiments
at the University of Sheffield using a pressure jet burner. Their interest
was the correlation of the average flame emissivity with fuel carbon to
hydrogen ratio and boiling point. They were moderately successful in
predicting emissivities of larger furnaces based upon experiments in their
own smaller furnace.

Another important research group and experimental facility is at
Kyoto University. Their work has dealt with measuring and predicting
radiation heat transfer from luminous flames and high temperature particle
clouds (Sato and Matsumoto, 1961; Sato and Kunitomo, 1965; Sato, Kunitomo,
Nakashima, and Fujii, 1966; Sato and Kunitomo, 1969; Sato, Kunitomo,
Yoshii, and Hashimoto, 1969). The most recent work is interesting since
it is the only one which deals with the monochromatic distribution
of radiation.

The problem of comparing results of the present study with other
experimenters’ is to find a common ground. No one has reported radiation
measurements from a methanol flame and each experimenter has had a dif-
ferent size furnace with different burners and wall conditions. The best
that can be done is to report all the resuylts with these differences in

mind.



-146-

If the intensity and emissivity are plotted as a function of length/
diameter, the effect of the different furnace sizes is reduced. These
are shown plotted in Figures VI-23a and 23b for seven different fuel sys-
tems. The intensity is non-dimensionalized on the incoming fuel energy
rate, 85 and the internal surface area of the furnace, A. This parameter
can be viewed as the fraction of incoming energy which is transfered by
radiation to the walls. Values greater than one are possible since the
intensity used is the normal value which is greater than the average hemi-
spherical value. Also, the entire unobstructed surface area of the cool
walls is not available to each volume of gas.

Values for the present work are plotted with the solid symbols. The
high value for emittance at L/D of .6 for the pure methanol flame is from
the fuel droplets. At larger L/D ratios the emittance of the methanol/
coal fuel is higher than that of the methanol, but the intensity is lower
due to ltower flame temperatures. The city gas study by Sato and Kunitomo
shows an emittance larger than the present work, but their furnace is
about twice as large. Cokéaoven gas, which has less methane and more
hydrogen than city gas, would have a lower emittance under similar experi-
mental conditions, but the furnace of the International Flame Research
Foundation has a cross-section five times that of the Kyoto furnace. The
three experiments run with oil show the Targest values for emittance and
intensity. The emittance values determined by Holliday and Thring are
surprisingly high considering the difference in size between the Sheffield
and Idmuiden furnaces. The effect of adding 5.3% carbon black to the gas
01l shows the expected increase in both emittance and intensity. If
the three intensity curves excluding this study are extrapolated to large

values of L/D, they will approach a common value of about .4. This can
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be explained by the fact that the soot will have had time to burn com-
pletely and that the radiation will be dominated by the equilibrium
combusted gas mixture, which varies Tittle between hydrocarbon fuels.
The intensity of the methanol furnace would likewise approach this value
if its walls were adiabatic rather than water cooled.

The monochromatic distribution of emittance from city gas and heavy
fuel o011 burning in the Kyoto furnace is shown in Figure VI-24.(Sato, et
al., 1969). This can be compared to the results shown in Figure VI-9.
Ths 1.88 and 2.7 um bands are similar for the gas and methanol f&e?sa but
the 4.26 m band shows much more reabsorption by cold CO2 in Sato's work.
There is also no noticeable CO in the Kyoto furnace. The continuous
particulate radiation is dominant for the heavy fuel oil and the wave-

length dependence of the soot absorption coefficient can be seen.
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VII. CONCLUSIONS

A. Summary of Results

A model water-cooled furnace has been built to study the structure
and radiation heat transfer in a pure methanol flame and one burning a
methanol/coal slurry. For pure methanol, the temperature and concentra-
tion of stable species have been mapped throughout the furnace. Con-
centrations of HZO and CO2 were found to approach their equilibrium
values, but the temperatures measured were 200 K and more below the
adiabatic flame temperature. The carbon monoxide conentrations were
high early in the flame and decreased to about .4% by the furnace exit.
Levels of NO were low throughout the furnace and were 15 ppm at the exit.
Total NX concentration was less than 25 ppm. Methanol concentration
was less than 1 ppm and formaldehyde was undetected in the exhaust.
However, attempts to measure formaldehyde at levels Tess than 75 ppm
were unsuccessful.

The addition of 5.3% coal had a significant effect on nitric oxide
and total NX levels. These pollutants increased four-fold, which implies
a 40% conversion of the coal bound nitrogen to NX. The temperature
field was also changed when burning the slurry, but it has not been
possible to separate the effect of the coal from the effect of the
different fuel nozzles. Particulate levels in the exhaust were of the
order of .1 g/m39 as compared to less than .001 g/m3 in the puwe flame.
At the furnace exit, temperature and COZ profiles of the two flames

became similar.



The monochromatic radiation intensity has been measured for both fuel
systems. No continuous particulate radiation was emitted from the
methanol flame, but band emissions from COZ’ H20° €0 and CHBOH were
observed. The maximum intensity was 1.64 W/cmzmsr at an L/D ratio of
1.0. The effect of adding coal was to increase the total normal emit-
tance from .098 to .135 due to the particles but to decrease the total
intensity in the first half of the furnace due to Tower temperatures.
The contribution from the coal particles to the monochromatic intensity
could be seen underlying the banded gas radiation.

Various models were used to compare the measured intensity with the
calculated intensity. In most cases, the predicted intensities were
about 25% low because none of the models accounted for radiation which
eminated from the far wall. Total intensity calculations using a narrow
band model with non-homogeneous path agreed with a wide band homogeneous
path model. The particulate radiation was underestimated because of
uncertainties in the particle size distribution and simplifications in
the intermediate size particle range.

B. Conclusions

The following conclusions can be drawn from the present study:

1. The model furnace is a useful tool in comparing relative heat
release rates, flame emittances, and pollutant formation for
different fuels and operating conditions. Careful consideration
of geometry and residence times must be taken to extrapolate
absolute results to full scale systems.

2. Methanol can be burned in a furnace to produce low levels of
oxides of nitrogen and soot without emitting high levels (less

than 50 ppm) of formaldehyde.
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Addition of small amounts of coal containing bound nitrogen

to a methanol diffusion flame will increase the NO levels.

A computer code was developed for the prediction of the spectral
intensity along a known non-homogeneous path with negligible
radiation from the boundaries.

The infrared spectra of a methanol diffusion flame contains

no significant particulate radiation.

The emittance of a furnace burning methanol can be enhanced

by the addition of pulverized coal to the fuel.

The fluid mechanical structure of a furnace burning a methanol/
coal slurry is as important in controling the radiant intensity

as is the amount of coal in the slurry.
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