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ABSTRACT

The use of the opposed jet diffusion flame in an 
experimental study of laminar, pulverized coal flames is 
described. The opposed jet configuration has been used to 
study gaseous diffusion flames, but has never, to the 
author's knowledge, been used with pulverized coal, or. any 
non-gaseous fuel.

In general, the configuration allows- investigation 
of the effects of non-premixing of fuel and oxygen on flame 
structure and characteristics. Specifically, an investiga
tion of flame stability and structure has revealed a sur
prising similarity to premixed pulverized coal-air flames. 
The coal opposed jet diffusion flame is shown to be one
dimensional, within certain regions of the flame, in tem
perature, species concentration and coal particle number 
density. This characteristic simplifies both experimental 
and model analysis.

The configuration is well suited for the study of 
short (on the order of milliseconds) time-scale phenomena 
in pulverized coal combustion, including particle heat-up, 
pyrolysis, ignition and early flame propagation.
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CHAPTER 1

INTRODUCTION

The renewed interest in and the importance of the 
utilization of coal as a primary energy source throughout 
the world is well known and needs no elaboration here.
Not as well known, perhaps, is the fact that the term "coal" 
as a generic name is somewhat misleading since the variety 
of properties, chemical and physical, found in coals of the 
same rank (e.g., bituminous) or even from the same mine is 
enormous (Essenhigh, 1977). The need for a careful, rigor
ous and systematic examination of the properties and 
behavior of coal is evident. Further, past experiences with 
engineering applications has shown that often, the most 
reliable and general path to some optimum utilization 
(however defined) is based on principles as fundamental as 
possible.

One way of classifying pulverized coal combustion 
phenomena is to discriminate on the basis of time scales. 
Phenomena of interest that occur on short time scales in
clude particle heat up, pyrolysis, ignition and early flame ' 
propagation. Long time scale phenomena include char burnout, 
the effect of staging on ultimate NO^ emission reduction and

1



2
the formation and growth of submicron particulates. The 
former time scales are on the order of milliseconds whereas 
the latter may be on the order of seconds.

Convenient examination of each time scale requires, 
in general, different sorts of experimental configurations. 
Relatively long (~2 meters) plug flow furnaces have been 
used successfully for the long time scale phenomena (Wendt 
and Pershing, 1977). These furnaces are exclusively (at 
least partially) premixed, as the transport fluid used is 
air. Short time scale phenomena have been studied using a 
variety of configurations, ranging from coal particle com
bustion or devolatilization on a heated metallic ribbon 
(Blair, Wendt and Bartok, 1977), shock tube studies (Seeber 
et al., 1979), drop tube studies (Pohl and Sarofim, 1977), 
and self-sustaining premixed coal-air flames in the open 
atmosphere (Smoot and Horton, 1977; Milne and Beachey, 
1977a). The realistic combustion conditions of the latter 
configuration have made it particularly useful, and these 
studies will be discussed at greater length below in the 
section on premixed flames of pulverized coal.

The subject of this thesis, the coal opposed jet 
diffusion flame, is a unique and previously unused configu
ration that is well suited for studies of early pulverized 
coal combustion phenomena. Figure 1.1 is a schematic of
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flame.



4
the flow configuration and flame position. In the region 
displayed in Figure-1.1, all of the previously mentioned 
short time scale phenomena take place, from particle heat 
up to early flame propagation. In addition, the flame is 
a diffusion flame; that is, the reactants are initially 
unmixed. The flow is laminar, the flame is visibly flat 
(when the conditions are right) and the flame can be 
stabilized indefinitely. Figure 1.2 is a photograph of a 
gaseous (methane) opposed jet diffusion flame, Figure 1.3 
is a photograph of an unstable coal opposed jet flame 
(typical during start up), and Figure 1.4 is a relatively 
flat and stable flame that is suitable for structure 
analysis. The coal flames are sustained without the use of 
oxygen or supplemental fuel in the coal-bearing stream.

The coal opposed jet diffusion flame configuration 
can be compared favorably to the premixed coal-air flame 
configuration. The opposed jet configuration complements 
the premixed configuration by virtue of the opportunity to 
adjust the relative concentration of oxygen in each of the 
opposing jets. The degree of "premixedness" may be speci
fied with the opposed jet configuration. Also, the opposed 
jet flame stabilizes roughly midway between the two burners, 
allowing greater resolution of sampling in the important 
pre-flame zone. Premixed flames tend to stabilize close to
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Figure 1.2. Gaseous opposed jet flame.
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Figure 1.3. Unstable coal opposed jet flame.
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Figure 1.4. Stable coal opposed jet flame.
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hot flameholders (see Figure 1.5) , which reduces pre-flame- 
zone resolution. This region is important because it bears 
directly on phenomena such as ignition, flame stabilization 
and propagation.

Previous Work on Premixed Flames 
of Pulverized Coal

Much of our understanding of the important early 
phenomena occuring in realistic pulverized coal flames has 
come from studies of pulverized coal premixed with air.
The following summary describes the most important conclu
sions and, unless otherwise noted, is taken from the rather 
comprehensive review paper of Smoot and Horton (1977).

Several investigators have concentrated on flame 
speed measurements as a function of different system vari
ables, including coal dust concentration, particle size, 
volatiles content, specific surface area of the coal, oxygen 
concentration and added methane concentration. . Even after 
the differences in coal type, size, oxygen concentrations, 
etc. have been taken into account, there remain significant 
differences in flame velocities as observed by several 
investigators. The influences of the specific experimental 
apparatus and the differences in heat losses are probable 
explanations. Although there is a direct relationship be
tween premixed flame speed and the so-called "stretching
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10
rate" (see Chapter 2), at flame extinction in an opposed 
jet diffusion flame (i.e., Spalding 1961), the work reported 
on the flame structure of premixed flames is of greater 
interest from the point of view of this work.

A typical temperature profile in a premixed flame 
(see Figure 1.5) shows a rapid rise to the peak temperature 
of 1200-1500°K near the flameholder. The region of peak 
temperature is typically on the order of 3-5 mm, although 
thicker flames have been observed for flames with larger 
particles and higher coal dust densities. Atmospheric 
premixed gas flames tend to be on the order of 1 mm thick.

Quenched char samples from various positions in the 
flame show that the devolatilization usually occurs very 
rapidly, and almost exclusively in the flame zone. Milne 
and Beachey (1977b) report that there is no evidence of 
significant pyrolysis to or light hydrocarbons prior to 
or early in the ignition stage. In fact, most of the chan
ges take place over the first few millimeters past the 
flameholder. The oxygen and volatile matter in the coal 
are consumed very rapidly, and the temperature rise is on

4 ^the order of 3 x 10 C/sec. The fact that the premixed 
flames invariably stabilize quite close to the flameholder 
makes pre-ignition pyrolysis studies difficult, even if the 
coal were to pyrolyze significantly in this zone. As noted
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above, the opposed jet configuration offers much greater 
resolution for probing this region, and this is one reason 
the opposed jet can be profitably exploited in the study 
of laminar coal flames.

Smoot and Horton present several arguments regarding 
the question of whether the coal burns heterogeneously (i„e ., 
on the surface of the solid) or homogeneously (volatiles 
combustion in the gas phase). First, the molar ratio of 
carbon to hydrogen in the quenched char increased markedly 
through the flame zone, suggesting that heterogeneous reac
tions, which would not alter the composition of the unre
acted char, are not dominant. If the volatiles are released 
to burn in the gas phase, and the volatiles contain more 
hydrogen than the char (the usual case), then the char would 
show the increasing ratio of C/H as devolatilization pro
gressed. Second, a comparison of inert-gas pyrolysis to

. ••
pyrolysis in coal-air flames shows strikingly similar re
sults , suggesting again that the pyrolysis stage of the 
combustion proceeds independently of volatiles oxidation.

The pollutant species (oxides of nitrogen and sulfur) 
have been observed to be_formed early in the flame during 
the period of peak temperature rise and rapid oxygen con
sumption. Also, significant fractions of the original 
nitrogen and sulfur present in the coal become part of the 
pyrolysis products.
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Typical gas species concentration profiles in pre

mixed coal flames show low concentrations of species that 
are either primary or secondary pyrolysis products: peak 
concentrations of 1-2% and 0.1-0.2% CH^ are observed.
Only very low concentrations of other hydrocarbons (C2 1s) 
have been observed.

Smoot and Horton describe the theoretical modeling 
and numerical work they conducted, taking into account radi
ation, conduction, diffusion, volatiles combustion and char 
oxidation. They neglected gas-particle slip, particle- 
particle interactions, temperature gradients within parti
cles, and gas radiation. With this model, flame thickness, 
major species concentration profiles, relative temperature 
profile and the effects of coal concentration, size and size 
distribution matched experimental results well. The authors 
then conducted a sensitivity analysis on their model to 
determine the dominant mechanisms in the prediction of 
laminar flame speed (and presumably the other properties 
of the flame as well). They found that propagation is in
fluenced by several competing processes, including conduc
tive particle heating, coal pyrolysis, molecular diffusion, 
gas phase reaction and radiative effects. Also, for rela
tively high volatile coals (greater than 18% proximate vola
tile matter), heterogeneous char oxidation is not an impor
tant rate-limiting process.
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This model suggests the predominance of homogeneous 

mechanisms and a similarity to gaseous flames. In.particu
lar, the model predicts the relatively thin flames observed 
experimentally. Older theories that presume that the major 
flame propagation mechanism is radiant heat transfer pre
dict much thicker flames and neglect the influence of the 
volatile matter.

The Opposed Jet Diffusion 
Flame Configuration

Previous Work
Early work using the opposed jet diffusion flame 

(using gaseous fuels, of course; see Figure 1.2), focused 
on the extraction of the so-called "apparent flame strength," 
defined as the mass flux of reactants just at extinction 
due to blowout (Potter and Butler, 1959; Potter, Heimel and 
Butler, 1960). The "apparent flame strength" was postulated 
to be related to the global reaction rate; and subsequent 
theoretical work (Spalding, 1961; Ablow and Wise, 1974) con
firmed the link, albeit qualitatively, since the analytical 
models introduced significant approximations. Later work 
emphasized the fact that ignition and extinction phenomena 
can be explored using the opposed jet configuration (Jain 
and Mukunda, 1969; Fendell, 1965). Relatively recent work 
has suggested to a number of authors that the opposed jet
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flame is pertinent to the study of turbulent diffusion 
flames, in that the flame stretch which characterizes the 
opposed jet flame is a fundamental motion in turbulent 
diffusion flames (Carrier, Fendell and Marble, 1975; 
Williams, 1970).

Extension to Pulverized Coal Flames
It is in this context that the work mentioned above 

as the foundation for this study was initiated. Hahn and 
Wendt (1981) extended the approximate analytical modeling 
of gaseous opposed jet diffusion flames to include trace 
species formation (specifically NO^) and other effects 
notably absent from previous work (e .g ., the importance of 
the coupling between the momentum and energy balances, the 
variation of system parameters with temperature and composi
tion, and detailed kinetics, including "minor" reactions 
that play important roles in trace species formation). This 
was done through the numerical solution of the coupled, 
detailed equations of mass, momentum, energy and species 
balance. It is precisely this approach that promises to 
reveal the dominant mechanisms, among other things, in the 
corresponding pulverized coal flame. The approximations and 
simplifications necessary to approach the question of mecha
nisms, analytically, would render the results questionable, 
particularly in the case of pulverized coal flames, since
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heterogeneous mechanisms, radiation, and particle size 
distribution effects, to name only a few, need to be exam
ined and cannot be excluded a priori. The complexity of 
the system, as in the case of trace species formation in 
gas flames, requires the numerical solution of the coupled 
balance equations. This does not suggest, however, that 
analytical simplifications cannot be made. Indeed, Hahn 
and Wendt show that through the use of a similarity trans
formation and appropriate assumptions, the opposed jet dif
fusion flame is one-dimensional in temperature and species 
concentration but not in velocity and pressure. The 
governing set of partial differential equations (in two 
spatial dimensions) are made ordinary differential equa
tions, and the numerical solution is considerably simplified. 
Experimental evidence is also given which supports the claim 
of one-dimensionality. It is shown in Chapter 2 that the 
pulverized coal system may be analyzed in a similar way.

Objectives and Scope of This Work 
The ultimate goal of the experimental and analyti

cal/numerical study of the coal opposed jet flame is to 
draw conclusions about the fundamental physical and chemical 
mechanisms dominating early phenomena in pulverized coal 
flames. The approach is to use both a detailed numerical 
analysis of the governing balance equations and a



corresponding experimental analysis in order to verify the 
numerical work.

The work reported in this thesis includes some of 
the theoretical equation formulation in order to demonstrate 
the technique to be used when the entire set of coupled 
equations are to be analyzed for the case of the pulverized 
coal flame. However, this first phase is primarily con
cerned with the construction of the experimental facility, 
the definition of experimental procedure, and the initial 
experimental results. Later phases will focus on numerical 
analysis and additional experimental work.

The objectives of this study may be explicitly
stated:

1. Demonstrate that pulverized coal flames can be sta
bilized in the opposed jet configuration with no 
oxygen or supplemental fuel in the coal-bearing 
stream.

2. Define the region of operation of a flat, stable 
flame in order to provide a guide for future experi
mental work in this study and elsewhere, in terms
of appropriate system parameters.

3. Demonstrate the one-dimensional nature of the flame 
theoretically, and define the region of one- 
dimensionality for the experimental apparatus.

16



4„ Characterize the flame by obtaining data.on the 
flame structure as a function of position in the 
flame. Include C>2 , C&g, CO, , and CH^ from the 
gas phase, and an elemental analysis (C, H, N, ash) 
and proximate volatiles content in the solid phase. 
Also obtain temperature profiles.

5. Compare experimental results to previous results 
from premixed flames.

17
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CHAPTER 2 

THEORY 

Introduction
The theory of combustion of gaseous fuels in the 

opposed jet configuration has been developed by many workers, 
including Hahn and Wendt (1981), Liu and Libby (1970) and 
many others, some of whom were listed earlier. Hahn and 
Wendt give a more complete bibliography.

The primary purpose of this chapter is to demonstrate 
the applicability of a detailed numerical analysis to the 
combustion of pulverized coal in the opposed jet diffusion 
flame in a manner analogous to the approach taken by Hahn and 
Wendt. In fact, it is shown that the particle momentum 
balance and the particle number density can be transformed 
using a similarity variable to demonstrate that the particle 
number density is a function of axial distance only. The 
particle energy balance and species balance equations are 
not considered, and the coupling of the gas phase equations 
and the solid phase equations is not considered. Thus the 
analysis holds strictly only for non-reacting particles.
The approach approach to be taken for the entire system would 
be identical as far as the similarity transformation is con
cerned. .

18
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In addition, the influence of theoretical consider

ations on the experimental design will be discussed.

Previous Work
A clear understanding of t the technique used to 

transform the governing system of partial differential equa
tions to ordinary differential equations is enhanced by 
considering simpler cases first. Schlichting (1955) discus
ses the use of a similarity transformation in the study of 
three-dimensional stagnation point flow against a wall.
Since there is no chemical reaction, there is no coupled 
energy equation and gas density is constant. The flow is 
rotational because of the viscous interaction with the wall; 
a boundary layer is established at the wall. In the opposed 
jet flow configuration, the flow becomes rotational only 
when heat release causes a density change and the flow 
ceases to be barotropic in the gas. The similarity trans
formation is necessary in both cases because when viscous 
effects become important, for whatever reason, the momentum 
balance equations must be included. Thus the two cases are 
rather similar. Schlichting uses a modified stream function 
as a similarity variable and the assumption of low mach 
number (which implies a certain form for the pressure dis
tribution) to transform the set of three partial differen
tial equations (continuity, radial and axial momentum) in
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radial and axial spatial dimensions in a single ordinary 
differential equation. The stream function approach satis
fies the continuity equation exactly and the axial momentum 
equation is coupled only through the axial pressure gradi
ent, which is not of concern for the low Mach number flow 
being considered. The sole independent variable is the 
axial distance. The opposed jet configuration is different 
in one respect from the problem Schlichting considered: the 
boundary condition on the radial velocity at the stagnation 
plane is zero in Schlichting's configuration, whereas in the 
opposed jet configuration it is not.

The introduction of non-constant density requires 
the definition of a transformed independent variable, if one 
wishes to define a stream function as the similarity variable. 
Schlichting refers to the so-called ’’Illingsworth-Stewartson" 
transformation which bears some resemblance to the so-called 
"Howarth-Dorodnitsyn" transformation (Jain and Mukunda,
1968) which is often referred to in the literature of react
ing flows. Liu and Libby (1970) used this approach in their 
analysis of the combustion of hydrogen and oxygen in stagna
tion point flow. They are one of the very few workers not 
to make extensive simplifications in the governing equations, 
such as constant density unity Lewis number, etc. They 
reported numerical difficulties when the stretching rate
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(characterized in their paper as a Damkohler number) was in 
a certain region, which is probably due to the highly "stiff" 
nature of the governing equations. The techniques developed 
by Hahn and Wendt (1981) are apparently superior in this 
regard.

The fact that the use of a modified stream function 
as the similarity variable automatically satisfies the con
tinuity equation (and the particle number density equation 
in the particulate phase) may make the alternative formula
tion worthy of investigation during the numerical analysis 
phase of this project. However, the proven success of the 
Hahn and Wendt approach makes it the preferred approach, and 
it will be used in this thesis.

of gaseous fuels in the opposed jet configuration are de
scribed in detail in Hahn and Wendt (1981) and will be pre
sented only briefly here.

1. Continuity

Equation Formulation
The system of equations describing the combustion

(1 )

2. r-Momentum
92vr 1 - 3v
3r2 +r  31
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3.

4.

5.

Assume solutions of the following form, and assume low Mach 
number flow.

vr = e ri|j (z ') ; v z = v (z ') (6)

9P
9r = f (r) ; 9z, = g(z') (7)

P =: p(z'); T = T(z'); XA = XA (z 1) (8)

m__ 2 Q gIntroducing the dimensionless temperature 0 = ^g-g and a
dimensionless axial position z = z'/l, where Z is the actual 
burner spacing, produces the following set of equations upon 
substitution:

z-Momentum 
9v 9 v

(3)

Energy

" F - ^ V V - d k  (cCpTvz>+FH- (rk5F) +

3z'*k3z '1 .Z, R iAhi
nr
Z

i=l
(4)

Species

r A  (rcDA W :) +dTr (cDA 9 ^ ) ~ F ^ (crXAvr) "

cTz”r (cXAVz} = -RA (5)

^(pv) = -2ep\jj'X, (9)
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d^ip , ,1 dy pv£vd^ e£^ ,2
^ 2  + (y d ¥ -  — )d J -  —  ^

e p ^ 2
(10)

d20
% + 4 ^ = = pv)

2ecC \p&2 0 , o 2 nr
= #  + E di"(cCpv) " 298R .2- RiAhi (11)

^  1 =  1

d XA . 1  d(CPA ) vi,dXA l d(cv) , 
dz2 CDA dz " d a  dz ■ c d a  dz

2ê _.
D, )XA z&_ RcD, RA (12)

By assuming the form of the solutions given above, then 
demonstrating the consistency of the equations that result, 
it can be concluded that the assumed forms are valid. It 
is in this way that the system of partial differential equa
tions is transformed into a system of ordinary differential 
equations. Thus the gaseous opposed jet configuration flame 
has been shown to be one-dimensional in temperature and spe
cies concentration but not in velocity or pressure. Tempera 
ture and gas species are functions of axial distance only, 
not radial position, at least in the region not affected by 
the free surface of the jets from the burners.

The boundary conditions for equations 10, 11, and 12 
are the values of xj), 0 and x at each burner exit:
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The boundary condition for Equation 9, the continu
ity equation, requires one of the two burner exit velocities 
at z = & or z = -£ to be defined as:

v = 2el (14)

The z-momentum equation is not presented above because it 
plays no role other than to determine the axial pressure 
profile, which is not coupled to the other equations„

In order to satisfy the conditions that the velocity 
profiles at the burner be equal to the solution of the 
inviscid, incompressible flow case, the burner diameters 
should be infinitely wide. Another way to express this re
quirement is that the inviscid, incompressible flow solution 
is valid only for a certain region around the stagnation 
point. The larger the burner diameter, the greater the 
region within which the solution is valid. This is because 
finite width burner diameters restrict the radial flow until 
the gas leaves the burners. Clearly, this is not the same 
flow field as would result from infinitely wide burners.
The approach that is taken is to have as large a burner dia
meter as is practical, then determine experimentally the
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region of one-dimensionality, and restrict sampling to that 
region.

It was precisely this consideration that led to the 
choice of the relatively large burners used in the coal 
opposed jet flame experiment (11.4 cm diameter). The size 
of the diameter is limited by the consideration that the 
volumetric flow of gas used in the experiment is proportional 
to the square of the diameter. As will be shown in Chapter 
4, this size is sufficient to create a flame which is one
dimensional over about one-quarter the diameter.

Now consider the case of the pulverized coal opposed 
jet configuration. We wish to demonstrate that the set of 
equations describing the flow of unreacting particles in a 
(possibly reacting) gas have as their only independent vari
able the axial position. We leave to later work the'demon
stration of one-dimensionality of the entire set of coupled 
gas and particle phase equations.

The analysis that follows is concerned with the 
equations of particle momentum, mass and particle number 
(or particle continuity). For a complete analysis, particle 
energy, and particle solid species balance equations must be 
formulated, and the coupling between the gas and particle 
space via mass and energy transfer must be considered. The 
auxilliary equations describing reaction rates, heat transfer.
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etc. must be formulated. An extensive literature review 
should be made, also.

We begin the analysis by considering a single par
ticle of size class j in a Lagrangian frame of reference 
(i.e., the observer moves with the particle at the particle 
velocity c), in which the only forces on the particle are 
the aerodynamic drag, and gravity g. The momentum balance 
equation then becomes,

'■"j = F,,. + 2 ' (15)

The particle mass balance equation is:

where r ^  is the rate of mass efflux for a particle of size 
class j due to particle pyrolysis and subsequent devolatili
zation. The possible "jetting" of volatiles is neglected 
as are all other minor effects on the particle momentum 
balance. It is assumed that volatiles leave the particle at 
a very low velocity relative to the particle velocity. A list of 
the.neglected "forces" may be found in Smoot and Pratt (1979) .

We now shift the frame of reference to the Eulerian. 
That is, we now consider a control volume through which 
both the continuous gas phase and the discrete particle 
phase flow. Equations 15 and 16 are changed via the defini
tion of the substantial derivation operators:
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rTE - (|t + £ ‘v) (17)

Equation 15 becomes, considering now only steady state and 
cylindrical geometry:

r-momentum,

. m jCr j ^ (Crj) + m jczj.35‘(czj) = FDjr (18)

z-momentum,

m jCr j cTr (Cz j } +mjCZ3 ^ {CZ3 ) FDjz + ^z (19)

Stoke1s drag is assumed for the aerodynamic drag:

fDjr = "3^ dPj (Crj " V  *■ (20)

fDjz = -3^ dPj (Czj - VZ') (2U

Stoke's drag is valid for particle Reynolds numbers:

r b . =PD U
less than or equal to 1.

(22)

Typical values for the coal opposed jet diffusion flame are
Re^ = 0.01 - 0.1.P

"Axial symmetry eliminates any gradients in the 0- 
direction.

Considering only steady state and cylindrical geo
metry for Equation 16, we obtain:
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(23)

The introduction of the Eulerian frame of reference
necessitates an additional equation because we have intro
duced an additional independent variable or dimension, namely 
the particle size. Recall that the particle size is denoted 
through a discretized size classification which is repre
sented by the subscript j . The equation is the particle 
number balance and it is the discrete phase equivalent of 
the gas phase continuity equation:

Particle birth, death, and particle-particle interaction 
have been neglected. Equation 24 says that the net rate of 
efflux of particles of size class j in the control volume is zero.

Equations 18, 19, 23 and 25 are the r-momentum, z-momentum, 
particle mass balance and particle number balance equations, 
respectively.

Assume now, that the following functional forms are
valid:

(24)

Equation 24 is expanded to give:

(25)

Crj = br<i> j (z) ; = C^j ? -in. = m_. (z)? n^ =

ru (z) ; dj = dj (z) (26)
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Equation 18 becomes:

m jCzj ~dz + bmj4>j = “3irudpj (b<J)j - eip) (27)

Equation 19 becomes:

m jCz j ^ (Czj) = ~mjg - 3TrTadPj (czj " vz} (28)

Equation 23 becomes:

C zj^"(mj) = “rPj (29)

Equation 25 becomes:

+ ^ <njc2j>'= 0 <30>

The boundary conditions are:

+1/2 (31)

The boundary conditions state that the particles start 
out uniformly dispersed, with no size segregation and follow
ing the gas streamlines. The foregoing analysis of the par
ticle equations follows Wendt (1981)„ Clearly, the degree 
of size segregation will depend on the distance from the 
burner to the stagnation plane„ The burner spacing, which
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at least theoretically did.not influence the gaseous system 
solution, becomes a parameter that must be specified to com
pletely characterize the two-phase flow case.

Strictly speaking, the above analysis holds only 
for non-reacting particles (although the gas phase may be 
undergoing reaction). The consistency of Equations 27-30 
with the assumption of Equation 26 shows that even though 
a size segregation takes place and that there is a velocity 
field for each particle size, the number density is a func
tion only of axial distance. That is, the size segregation 
is only a function of axial position. At any given axial 
position, the number of particles in a given size class does 
not vary regardless of the radial position chosen.

As noted above, a complete analysis requires trans
forming the entire set of coupled gas-phase and particle- 
phase equations. We have neglected here the particle-phase 
energy and species equations as well as the coupling between 
the gas and particle phases due to heat, mass and (probably 
negligible) momentum transfer between the phases.

The fact that the gas phase equations transform by 
themselves and that the particle number density is indepen
dent of radius suggests that the entire system transforms 
as well. Experimental evidence supports the suggestion.
If this is true, the set of coupled, non-linear ordinary
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differential equations can be solved numerically for finite 
rate kinetics and the coal opposed jet diffusion flame can 
be modeled in detail, in a manner analagous to the approachZ 
taken by Hahn and Wendt.



CHAPTER 3

EXPERIMENTAL FACILITY 

General
The opposed jet configuration consists of two ver

tical, coaxial cylinders (burners) with opposed flows of 
coal suspended and transported in some gaseous medium and 
oxidant as shown in Figure 1. Nitrogen is used to transport 
the coal and dilute the oxygen. In order to ensure (approxi
mate) one-dimensionality, the burner diameters should be 
large enough that the opposing jets can be considered 
infinitely wide (see Chapter 2). The position of the stag
nation plane is determined by the relative magnitudes of the 
momenta of the jets. The greater the momentum of one jet, 
the closer the position of the stagnation plane to the other 
burner. If we can define a flame position (strictly true ' 
only in the case of an infinite reaction rate and corres
ponding infinitesimal flame thickness) and assume: (1) that
thermal and mass diffusivities are equal and do not vary as 
a function of composition or temperature; (2) that only gas 
phase reactions take place; and (3) that the gas velocity is 
not affected by the heat release, then the flame position, 
relative to the stagnation plane, is a function only of the

32
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Figure 3.1. Schematic of apparatus.
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relative diffusional velocity of the reactants and their 
global stoichiometric ratio. If one reactant diffuses 
faster than the other, the flame stabilizes on the opposite 
side of the stagnation plane. This simplified picture can 
be verified experimentally in a relative sense; e.g., lower
ing the oxygen concentration reduces the oxygen diffusional 
velocity and the flame stabilizes closer to the oxygen 
burner. Spalding's paper (1961) is particularly useful in 
such simplified analyses.

The addition of pulverized coal as the sole source 
of fuel, of course, adds considerable complexity. The pri
mary difficulties in this work were related to the presence 
of a second phase, from the difficulty in transporting and 
stabilizing a particle-laden flow to the problems associated 
with analysis., In the* course of this study, gas flames were 
routinely and easily stabilized and analyzed. The difficul
ties and uncertainties in stabilizing corresponding coal 
flames may be one reason this configuration has never (to 
the author's knowledge) been used in the past.

Apparatus
Figure 3.1 is a schematic of the apparatus used in 

this study. The pulverized coal mass flow rate is controlled 
using a variable speed auger-type feeder (described in detail 
in Wendt, Lee and Pershing, 1978). The transport Ng is added
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to the coal line in a "tee" connection and the coal-laden 
nitrogen flow is introduced into the apex of an inverted 
cone in the top of the upper burner. Flow is reversed, 
providing good mixing and the relatively gradual expansion 
of the gas due to the cone eliminates recirculation zones 
in the burner which can cause non-uniform radial dispersion 
of coal.

The problem is illustrated in Figure 3.2, taken from 
Howard (1965). With a rectangular surface, recirculation 
zones are set up which cause a non-uniform radial dispersion 
of coal. This has been clearly observed in the coal opposed 
jet diffusion flame experiment both during combustion, when 
a ring of flame around the circumference of the flat flame 
zone is observed to be very much brighter than the center, 
and with no flame, a piece of paper held under the burner 
as the coal flows down clearly shows the non-uniform radial 
dispersion. The addition of the cone (see Figure 3.3) helped 
considerably, but did not totally eliminate the problem.

The upper burner is 91 cm in length and 11.4 cm in 
diameter. Near the tip of the burner is a 5 cm segment of 
aluminum honeycomb with 0.635 cm hexagonal cells with 
straightens and effectively laminarizes the flow. A pneu
matic vibrator ensures the continuous and even flow of coal 
through the matrix. The upper burner design is the key to
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obtaining a flat, stable flame and depends primarily upon 
striking the proper balance between good mixing to enhance 
coal dispersion followed by flow straightening to laminar- 
ize the flow. The flow straightening also involves a trade
off since a matrix with cells which are too large does not 
adequately straighten the flow, and cells which are too 
small will plug with coal. Similar comments can be made 
about the length of the matrix. The approach taken to 
strike the proper balance was decidedly empirical, and no 
claim is made that the configuration is optimum. It is, 
however, significantly better than a random choice and is 
satisfactory from the point of view of the objectives stated 
in Chapter 1.

The design of the bottom burner is quite straight
forward, using several fine mesh screens (50 and 100 mesh). 
Compressed air and oxygen are mixed to provide the desired 
concentration of oxygen.

An annular tube, 15.25 cm in diameter, 14 cm long 
on the bottom burner and 30 cm long on the top burner, was 
originally added to allow an annular flow of to extin
guish the flame at the edge of the burner. The annular Ng 
cannot be used, however, because a coal flame cannot be 
stabilized if the flow is high enough to extinguish the 
edge of the flame. The reason is probably that the annular
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N2 cools the upper burner so much that a flame cannot be 
stabilized. The coal flames, as will be seen in the next 
chapter, are quite sensitive to thermal effects, and burners 
which are too cold will not support a coal flame. Even the 
sudden addition of a relatively small amount of quench water 
into the probe can cause the flame to go out.

The entire burner structure is situated in an alu
minum enclosure, approximately 90 cm cubed (see Figure 3.4). 
The door has a large (tempered) glass area (61 cm x 61 cm) 
through which the flame can be observed. A pan in the bot
tom rear of the enclosure can be removed to dump the accumu
lated coal and ash.

The coal flame is ignited using a natural gas flame 
until the burners are sufficiently hot, then the natural 
gas is eliminated and the coal flame sustains itself. For 
safety purposes, an ultraviolet sensor was mounted and con
nected electrically to the natural gas shut-off valve. If 
the flame went out, the gas shut off immediately. Because 
the coal flame is continuously monitored and because the 
coal is transported in nitrogen, it was deemed not necessary 
to have a similar device for a coal flame.

The details of the settings, flow rates, pressures, 
etc. used are summarized in Appendix B.
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Sampling and Analytical System 

Gas and solid species sampling is done in situ using 
a 0.635 cm O.D. stainless steel tube with water-quenching of 
the reactive gas and solid species immediately upon entering/ 
the probe. The probe can be positioned vertically for a 
given initial (pre-run) horizontal position to within a 
millimeter using a cathetometer that provides a relative 
measure of vertical position.

The design of the probe went through several stages. 
The major considerations involved in the design of the probe 
were to:

1. Minimize the disturbance of the flame due to the 
presence and sampling action of the probe.

2. Minimize the changes that take place between the 
time the sample enters the tip of the probe to the 
time the analysis is made.

In general, the objective is to measure what is happening in 
an undisturbed flame. The two considerations are conflict
ing to some extent. In order to minimize the disturbance 
to the flame, the probe should be as small as possible and 
the sampling rate should be as small as possible. To mini
mize the thermal effect of the presence of the probe, the 
probe should be as hot as the flame. Clearly, to stop 
reactions from taking place in the probe, the sample must
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be quenched as soon as possible, either by rapidly convect- 
ing the sample through the probe as quickly as possible or 
by cooling the probe tip. A cooled probe tip tends to 
disturb the flame thermally and rapid sampling rate disturbs 
flame structure, if not done isokinetically. A very small 
probe, sampling at isokinetic velocity, may be able to 
quench a gas sample quickly; but when sampling coal particles, 
quenching must be more vigorous because of the greater thermal 
inertia of the coal particle. The sticky coal particles tend 
to plug a small probe, also. Since there are no practical 
alternatives to invasive probing for the kinds of measure
ments we wish to make (species profiles), some kind of com
promise in conjunction with an estimate of the error intro
duced seems to be in order.

A reasonable, if not optimum, compromise has been 
attained with the configuration shown in Figure 3.5. The 
gas and solid sample is quenched as it enters the tip of 
the probe from the heating and vaporization of the liquid 
quench water. The quench water rate must be kept at greater 
than about 1/2 cc/min to avoid having the quench water vapor
ize in the 0.159 cm O.D. quench tube. If this does occur, 
it is very obvious because the "jetting" water vapor begins 
to blow out parts of the flame. The entire flame has been 
put out upon occasion. The only remedy is to withdraw the
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probe and/or increase the quench water flow rate. A flow 
of 3-4 cc/min is adequate for a typical gas sample flow 
rate of 1000 cc/min. Typical calculations regarding, the 
probe/sample system are presented in Appendix A.

The probe consists of three sections: the 0.635 cm 
O.D. stainless steel tube that is the outer sheath of the 
probe that is inserted into the flame, the 0.953 cm O.D. 
stainless steel tube connecting the in-flame section to the 
analysis train, and the 0.159 cm O.D. stainless steel tube 
that carries the quench water to the tip of the probe. The 
quench water, which does not completely vaporize, keeps the 
lines free of clogging coal particles. In fact, from a 
plugging point of view, a smaller in-flame probe section 
could probably be used if a smaller-diameter quench water 
tube could be found. The problem with a smaller-diameter 
in-flame probe is that in order to maintain the same sampl
ing velocity to avoid non-isokinetic sampling, the volumetric 
flowrate would need to be decreased by a factor of the square 
of the ratio of the old to new diameters. This can become a 
factor for certain types of analyses and/or sampling systems.

Non-isokinetic sampling means that the sample is 
withdrawn from the flame at a velocity (remember velocity 
is a vector) different from the local velocity in the ab
sence of sampling. When sampling gases, non-isokinetic
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sampling, if not so far from isokinetic that the local 
flame is badly disturbed, means only that profiles are 
broadened somewhat. When sampling solid particles as well, 
non-isokinetic sampling can mean collecting a sample that 
favors either smaller (sampling velocities greater than 
isokinetic) or larger (sampling velocities less than iso
kinetic) particles. This may be important, depending upon 
the analysis.

In the light of the foregoing discussion, the system 
finally chosen and shown in Figure 3.5 seems to be adequate. 
The validity of the profiles measured is discussed in Chapter 
4 at greater length.

It was desired to sample gas species and collect 
solid species for analysis as well. The length of the sample 
analysis train and its inherently large capacity was a prob
lem (see Figure 3.6). For the gas chromatograph samples, 
it took on the order of 1-1.5 hours for the measured compo
sition to stop changing at a single flame position. The 
NDIR analyzers required a flow rate that is higher than iso
kinetic sampling would allow. An improved system would 
probably be to take gas syringe samples right after the 
sample has left the probe and inject them directly into the 
chrpmatograph. The dead time due to the long line length 
and the capacity of the water collection chamber forced very
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long run times for a single analysis. Long run times for 
a single solid sample is probably unavoidable, however.

The possibility of the water-gas shift reaction,
i.e. :

h 2 o +  CO £  h 2 +  c o 2

taking place in the probe was tested by increasing the quench 
water flow to such an extent that much of the water did not 
evaporate, then seeing if the gas sample composition changed 
significantly. No such change was observed, to within the 
resolution of the NDIR analyzers, estimated to be on the 
order of + 2 % .  In addition (as will be shown in the next 
chapter), the concentration of CO increased and C02 de
creased, with the addition of the water quench in the probe.

The other possible influence is that CO and CO^ may 
be dissolving in the water and the observed measured concen
trations are distorted. A quick calculation shows that 
saturation is reached very quickly even if the entire knock
out chamber were initially filled with pure water and the 
sample gas were bubbled through. The chamber is initially 
empty in reality, and as it fills it is saturated with both 
gases. Thus it appears that neither effect is significant.

The analytical systems used in this study are:
1. Beckman Paramagnetic Model F3 02 Analyzer.

Beckman NDIR Model 864 CO and C02 Analyzer (2 
instruments; one for each gas).

2.



4 8
3. Perkin-Elmer Sigma 1 gas chromatographic analysis 

system for H2 , CH^, Cu, , N2 , CO, C02 .

The Beckman instruments are all for continuous ana
lysis, whereas the gas chromatograph is an inherently "batch" 
system.

On the gas chromatograph, the permanent gases are 
sequentially separated on a 0.3175 cm O.D. x 0.21 cm I.D. x 
366 cm Linde 5A molecular sieve column. C02 is separated
on a 0.3137 cm O.D. x 0.21 cm x 183 cm Porapak T column.
Both columns are operated with a carrier gas flow of 60 ml/ 
min under pressure control for a smooth response. An oven 
temperature of 110°C is common to both, columns, and the two 
columns are connected to alternate sides of the thermal, 
conductivity (hot wire) detector. A gas sample is first 
injected into the 5A mol sieve column. After four minutes 
a second sample is injected into the Porapak T column. The 
run time on the Porapak T column is dictated by the reten
tion time of the C02 . As shown in Figure 3.6, the sample 
line runs continuously past the gas chromatograph and a 
sample is injected when the operator presses a ready buttom. 
All subsequent column and chart operations, including inte
gration of the peaks, is done automatically by the program 
stored in the system and activated by the push button.
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Temperature was measured using Type K Inconel 

shielded and magnesis insulated thermocouples (Omega Engi
neering CAIN-186-18). The thermocouple leads were connected 
to a millivoltmeter with a copper/copper alloy II extension 
wire. Details are given in Glass (1978). The thermocouples 
are positioned and sighted in the same way as the sample 
probe. The measured temperatures are undoubtedly low, but 
reported temperatures are not corrected for radiation losses 
etc. because the uncertainty introduced by slag on the sur
face of the thermocouple makes such corrections suspect. 
Previous workers (Smoot et al ., 1977; Milne and Beachey, 
1977a) have followed a similar course in reporting as- 

/ measured temperatures, and for comparison purposes t h e  un
corrected temperatures are probably superior.

The coal used through this study is a Utah Bitumin
ous, the ultimate and proximate analyses of which are pre
sented in Table 3.1. Figures 3.7 and 3.8 present a typical 
as-received particle size distribution and ultimate analysis 
as a function of size, respectively.
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Table 3.1. Utah bituminous coal analyses

- - —  - Proximate Analysis, Dry Basis, Percentages - - - - 
Volatile Matter .Fixed Carbon Ash

45.8 43.3 11.2

N
- -Ultimate Analysis, Dry Basis, Percentages- - 

C H Ash

1.65 69.70 5.51 . . 8.16



EXPERIMENTAL RESULTS

Flammability Characteristics 
In order to characterize the region of operation 

that lends itself to analysis; that is, the conditions that 
result in a flat, stable flame, the tests of flammability 
characteristics were made. The variables originally chosen 
were: (1) oxygen concentration in the oxygen-bearing jet;
(2) coal bulk density in the coal-bearing stream; and (3) 
cold flow strething rate, defined as:

_ (vz}cold flow at burner exit) 
cold flow D (32)

where D is the burner spacing. The axial velocities of the 
opposing jets were always matched, in these tests as well as 
in all of the other experiments reported upon in this thesis 

A careful analysis of the system reveals that there 
is another parameter that characterizes the flame in addi
tion to the ones given above, when one uses the cold flow 
stretching rate. Changing the burner spacing and adjusting 
the cold flow jet velocities to obtain the same cold flow 
stretching rate will, in general, result in a different true 
stretching rate. The "true" stretching rate may be defined:

CHAPTER 4

53
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'true 1/2 lim
Z->+ GO (33)

As was noted in Chapter 2, the gas phase continuity equation 
requires only one velqcity boundary condition. For a given 
stretching rate, the other velocity boundary condition is a 
function of the solution of the entire set of coupled equa
tions and can be found only after integrating the continuity 
equation to the opposite burner. „

This means that characterizing the flame with a cold 
flow stretching rate is valid (i.e ., results in a unique 
flame) only for a given burner spacing, so burner spacing 
must be specified to completely characterize the flame. 
Indeed, a test was made of the blow-out stretching rate 
for a flame with coal density of 207 mg/1 and 85% 0̂  for a 
4.5 cm burner spacing. The stretching rate at extinction 
was only 2.1 sec ^ as compared to 2.4 sec-"*" for the same 
coal density and concentration but with D = 3.0 cm.

There are (at least) two other system characteris
tics that depend upon burner spacing: (1) burner exit tem
perature; and (2) degree of particle size segregation, as 
noted in Chapter 2.

Figure 4.2 demonstrates the effect of burner spacing 
on the temperature profile through the flame. Although the 
two flames are not identical since the true stretching rate
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in the flames are different, the temperature profile does 
not change significantly in the region between the burners. 
The temperature at the burner exit does, however, change 
as a function of burner spacing. Figure 4.2 shows that the 
temperature profile continues to decrease as the spacing 
increases.

In general, the ease with which a flame could be 
stabilized for a given stretching rate depended upon burner 
spacing: the closer the burners, the more stable the flame. 
The burner spacing, C>2 concentration, coal bulk density, 
and cold flow stretching rate are specified for all experi
mental results. The "standard flame" is 85% C^, ~200 mg/ 
liter coal density, stretching rate 2.0 sec , and burner 
spacing either 3.0 cm or 4.5 cm.

Figure 1.3 is a photograph of an unstable coal 
flame, whereas the flame in Figure 1.4 is flat enough to be 
considered stable and is suitable for structure analysis. 
Both flames are "standard" flames (see above), with a 3.0 
cm burner spacing.

A systematic test of the variation of stretching 
rate at extinction for a given burner spacing (3.0 cm) and 
roughly the same coal bulk density as a function of con
centration was made and the results are shown in Figure 4.1. 
As the oxygen concentration increased, the stretching rate
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at extinction increased with a rather steep slope. With

_ 1a stretching rate below approximately 1.9 sec the flame 
edge affects become dominant and the relatively unstable 
flame becomes unsuited for structural analysis. The flame 
stability, of course, changes continuously as a function 
of stretching rate and the choice of 1.9 sec is somewhat 
arbitrary as a cutoff point. The region between the mini
mum stretching rate for a flat flame and the blowout limit 
is termed the applicable regime of operation. At lower 
oxygen concentrations, the two lines intersect so that 
attainment of a flat flame becomes impossible for this par
ticular configuration.

The coal density varied for the different runs made 
because the coal feeder mass delivery rate for a given set
ting would vary slightly from day to day. Lower densities 
were not examined because the coal feeder was at the minimum 
setting to give the coal densities shown, for the given 
stretching rate' and burner spacing. Higher coal densities 
were not tested because the flow straightening device 
(honeycomb) is not able to handle higher densities. At 
higher coal mass flows, the coal would not enter the flame 
zone uniformly; periodic "chunks" of coal would fall through 
the honeycomb to disturb the flame. Disturbances such as 
these tend to extinguish the flame at lower than usual 
stretching rates.
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Flame Structure

Effect of Sampling Rate 
and Sampling Conditions

The significant variation in the gas species pro
files as a function of sampling conditions necessitates a 
discussion of these conditions. The two conditions that 
were varied were the degree (speed) of quenching and the 
sampling velocities. Figures 4.3 and 4.4 demonstrate the 
effect of water quench on the measured peak concentrations 
of CO and CO 2 . The water quench is measurable, but not 
major, as discussed before.

A more serious problem is the non-isokinetic samp
ling. An examination of Figures 4.5 and 4.6 clearly shows 
a wide variation in profile width. The gas chromatograph- 
derived profile (Figure 4.6), which was obtained with a gas 
sampling velocity about 6.5 times higher than isokinetic, 
is clearly sharper than the profile from the continuous ana
lyzers (Figure 4.5) which corresponds to a sample velocity 
about 13 times higher than isokinetic. Peak heights and 
position are reproduced fairly well. it is possible that the 
vastly faster response time of the continuous analyzers 
which were used with a smaller water-collection chamber and 
corresponding smaller dead time in the sample line, influ
enced the differences observed. A more systematic series 
of tests is necessary to fully explain the differences.
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□  CO, no quench 

■  CO, quench

Relative Distance, cm

Figure 4.3. CO profile with and without water
quench; continuous analyzer; standard 
flame; burner spacing 4.5 cm.



61

□  C02, no quench 
■  COg, quench

Relative Distance, cm

Figure 4.4. CO 2 profile with and without water 
quench; continuous analyzer; 
standard flame; burner spacing 4.5 
cm.
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O CO

Top Burner 
With Coal

u 30

-Approximate 
Visible Flame 

ZoneBottom Burner 
with 0 2

Relative Distance, cm

Figure 4.5. Flame structure from continuous ana
lyzer with water quench; standard 
flame; burner spacing 4.5 cm.
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•Visible Flame 
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Figure 4.6. Gas chromatograph profile.
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O-Temp, 2 .65cm 
from Axis 

•-T em p , 2.75cm 
________ from Axis

O - CO 3 cm
A -C O 2 from Axis

■-Op ]
• - C 0  | 2-22 cm 
A-COp from Axis

Temperature-A

CO(xlO)

Relative Position, cm

Figure 4.7. Demonstration of one-dimensionality of 
flame; standard flame; burner spacing 
3.0 cm.
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It is not possible, with the existing analysis 

instrumentation, to reduce the sample volumetric flowrate 
with the continuous analyzers. The extremely long sample 
times associated with the gas chromatograph analysis, 
given the existing system, made multiple tests at various 
radial positions impractical. The best solution, as noted 
before, is probably to modify the gas chromatograph analy
sis system to allow a gas syringe sample to be taken just 
after the probe in the sample flow line with manual injection 
into the gas chromatograph. This would vastly speed up the 
analysis and still allow relatively low sample velocities in 
the probe. If greater flame zone structural resolution is 
desired, a narrower probe, with even lower sampling veloci
ties could be used. A very small water quench line would 
be required, however.

One-Dimensionality of Flame 
Figure 4.7 shows temperature and gas species pro

files at two different radial positions. Profiles that do 
not change as a function of radial position demonstrate the 
one-dimensionality of the flame, as well as the region of 
one-dimensionality. As noted above, non-isokinetic samp
ling can cause a spatial averaging of measured concentra
tions. If there were a radial dependence of gas species 
concentration, non-isokinetic sampling would tend to mask
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it. Therefore, the test for- one-dimensional gas species 
profiles needs to be redone with isokinetic or near- 
isokinetic sampling to be rigorous. The temperature pro
files, at 2.6 cm and 2.7 cm from the axis, are essentially 
identical. This suggests that the flame is indeed one
dimensional as expected, since the temperature and species 
concentration profiles are highly coupled (see Chapter 2). 
Note that the burner spacing in Figure 4.7 is 3.0 cm.

The outermost radial position at which profiles 
were measured was 2.75 cm from the center axis. The burner 
radius is about twice that distance (5.72 cm), so it can be 
concluded that the region of one-dimensionality extends at 
least over one-quarter of the burner area. As the edge of 
the flame is approached, the buoyant forces begin to domin
ate and the flame is no longer flat.

Profiles
The peak value of the temperature profile in the 

diffusion flame is similar to that reported for premixed 
flames (Milne and Beachey, 1977b; Figure 1.1). Figure 
4.2 demonstrates the effect of burner spacing on tempera
ture profile. The profile in Figure 4.2 that corresponds 
to a burner spacing of 3.0 cm is taken from the profile 
shown in Figure 4.7 corresponding to a radial position of 
2.75 cm. The temperature profiles in the two figures
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demonstrate the effect of burner spacing (Figure 4.2; 
radial position 2.75 cm for both profiles) and radial posi
tion (Figure 4.7; burner spacing 3.0 cm for both profiles). 
Summarizing, temperature does not appear to depend upon 
radial position, but the temperatures at the burner exits 
are apparently functions of burner spacing. As noted before, 
following previous workers, temperatures reported are as- 
measured. The brightness of the reaction zone and calcula
tions suggest (Smoot and Horton, 1977) that the peak tem
perature is considerably higher, even taking into account 
the non-adiabatic nature of the system.

Radiation from the flame to the thermocouple does 
not appear to affect the measured temperature. Milne and 
Beachey (1977a) report that shielding the thermocouple with 
a piece of flat shim stock did not change the measured tem
perature. Since the peak flame temperatures and character
istic distances in the Milne and Beachey flame are essen
tially identical to those in this study, it is concluded 
that the measured temperature is, at least, a relative 
measure of local gas temperature.

Measured gas species concentrations as a function 
of axial position are plotted on Figure 4.6. These analy
ses were made using the gas chromatograph. Oxygen concen
tration (85% at the burner exit) decreases very sharply to
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Fixed Carbon-

Probe Width 
~ 0 .6  cm

Volatile
Matter

Uncertainty in 
Analysis ~ ± 5 %

Data Normalized 
Using Ash Content 
of Collected Sample

Approximate 
Visible Flame 
Zone

Relative Distance, cm

Volatile matter and fixed carbon pro
files; standard flame; burner spacing 
3.0 cm.

Figure 4.8.
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about 2% through the visible flame zone, decreasing more 
slowly to about 0.5% at 1.0 cm (0.0 cm is midway between 
the burners). Both CO and COg peak at about 0.15 cm at 
1.5% and 13.5%, respectively. The CO^ peak appears somewhat 
broader on the oxygen side of the flame. Both peak widths 
are on the same order as the visible flame zone, which is 
about 0.5 cm. The flame stabilizes on the fuel side of the 
stagnation, plane.

The gas chromatograph was used specifically to 
determine the concentration of and CH^, both of which are 
pyrolysis products. However, only trace levels (0.01% CH^ 
and 0.1% Hg) of either were found at any position in the 
flame.

Figure 4.8 demonstrates that the coal particle does 
not begin to pyrolyze until it reaches the flame front, then 
volatile matter in the.char decreases sharply through the 
visible flame zone. The fixed carbon remaining in the char 
does not begin to decrease until the particle is well into 
the flame zone. It should be noted that the distinction 
between "volatile matter" and "fixed carbon" remaining in 
the sampled char is an artifice: the assumption is that the 
ASTM test (modified for this study and described in Appendix 
B) is identical to the processes taking place in the flame. 
It is well known (Smoot et al., 1977) that this is not so.



Approximate 
-Visible Flame 

Zone

o 4.0

Sandard Sample 
ifrom Feed Bin)

Relative Distance, cm

Figure 4.9. Char C/H through flame; standard 
flame; burner spacing 3.0 cm.
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Smoot et. ol. (1977) 

I2 jj Cool Particle Size

Fixed Carbon

Volatile Matter

Distance from Flame Holder, cm

Figure 4.10. Volatile matter and fixed carbon 
profiles, premixed flame.
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However, it is probably safe to regard the profiles as 
relative measures of devolatilization„ Figure 4.10 is the 
premixed flame analog to Figure 4.8.

Figure 4.9 shows the molar ratio of carbon to hy
drogen in the char as a function of axial position. Again, 
the profile demonstrates that very little change takes 
place in the coal particle until the flame zone is reached, ' 
then the ratio of carbon to hydrogen increases sharply.

Discussion
The results from the flammability tests for pulver

ized coal demonstrate the rather narrow region of flamma
bility and the requirement of high oxygen concentrations at 
relatively low stretching rates (compared to gas flames). 
These results may be significant from the point of view of 
predicting ignition difficulties in industrial coal fur-' 
naces in regions in which the oxygen-depleted coal-bearing 
stream is experiencing high local stretching rates with 
respect to adjacent oxygen-containing regions. It is diffi
cult, however, to draw any conclusions without examining all 
mechanisms that may affect ignition in both systems. For 
example, high radiant heat transfer may be important in 
promoting ignition in the industrial system, but is certainly 
less important, or may even affect ignition in the opposite 
direction, in the laboratory flames because of the cold walls
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Another important question is whether flame igni

tion, propagation and extinction characteristics are more 
sensitive to changes in thermal effects or changes in 
oxygen concentration. The species and heat balance are 
coupled with each other and other system-governing equations. 
When discussing the relative importance of the transport of 
heat or species, system of this complexity cannot, in 
general, be easily classified. A numerical model is gener
ally necessary for a quantitative understanding of the 
governing mechanisms.

Similar comments are appropriate when discussing 
the ignition mechanism in these flames. There are, roughly 
speaking, two schools of thought concerning ignition mecha
nism. Howard and Essenhigh (1967) suggest ignition occurs

\
on the surface of the solid coal particle; that is, hetero
geneously. They point to calculations showing that gas 
phase volatiles concentration around the coal particle is 
insufficient for ignition. These authors also present data 
on flame structure to support the heterogeneous ignition 
argument. Other investigators (e.g., Smoot and Horton,
1977) point to results comparing devolatilization in air 
and in inert environments. The differences are apparently 
small. The Smoot argument is that if ignition occurs on 
the surface of the coal particle, devolatilization rates
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should be higher in oxygen-containing systems, since the 
burning coal surface should heat the particle more rapidly 
and increase the rate of devolatilization.

The results of this study suggest that homogeneous 
combustion dominates, because of the observed rapidly in
creasing ratio of carbon to hydrogen in the char as the 
particle progresses through the flame. It is impossible to 
say, from the results of this study, whether ignition occurs 
originally on the surface of the coal particle or in the 
gas phase. Definitive conclusions about ignition mechanisms 
await model results.

The results of the gas chromatograph profiles and 
the solid species profiles are unambiguous. In the pre
flame zone region (fuel side), the coal particle does not 
devolatilize significantly. The particle then devolatilizes 
rapidly through the flame zone. If the particle were pyro- 
lyzing in the region between the upper burner and the flame 
zone, reasonably high levels of Hg and CH^ should be seen. 
Also, the solid species analysis would show the onset of 
pyrolysis in this region. Figure 4.7 shows that at the 
coal-bearing stream exit, the gas temperature is approxi
mately 800 K. Bituminous coal will at least begin to devo
latilize at 800 K (Pohl and Sarofim, 1977) which suggests, 
since no evidence of pyrolysis was found, that the particle
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temperature lags the local gas temperature in the pre-flame 
region. The distance between the burner exit and the flame 
zone is 1.5 cm and the particle velocity is on the order of 
10 cm/sec. Therefore, the particles traverse the pre-flame 
zone in about 150 milliseconds. The observed increase in 
flame stability as the burners heat-up is probably related 
to the gas-particle temperature lag. Particle heat-up 
appears to be a significant flame-propagation, rate- 
influencing mechanism.



CHAPTER 5

CONCLUSIONS

The opposed jet diffusion flame configuration has 
been shown to be applicable to the study of laminar flames 
of pulverized coal. Coal flames can be stabilized without 
oxygen or any supplemental gaseous fuel in the coal-bearing 
stream. The flames are self-sustaining on an indefinite 
basis.

The approximate regime of operation of a flat, stable 
flame has been delineated, with cold flow stretching rate, 
coal bulk density, oxygen concentration and burner spacing 
as the system parameters. Relatively high oxygen concentra
tions (greater than 55%) and low stretching rates (2.0 - 2.5 
sec "*") are required for a flat, stable flame. Corresponding 
gas flames are easily stabilized with air and at much higher 
stretching rates (e.g., 25 sec ^ is not difficult to achieve). 
Higher stretching rates tend to produce flatter flames.

Theoretical one-dimensionality for the non-reacting 
particle case was demonstrated using arguments based on self
similar solutions, in a manner analagous to the technique 
used for gaseous flames. Approximately one-dimensional tem
perature and gas species profiles were demonstrated over

76
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about one-quarter of the burner area, or one-half the burner 
diameter.

Issues of sample probe water quenching and the 
effects of non-isokinetic sampling have been clarified.

Detailed profiles of gas and solid species and tem
perature were obtained. From these profiles, some remarkable 
and interesting conclusions can be drawn:

1. Premixed pulverized coal flames and pulverized coal 
diffusion flames share a number of common features. 
Peak flame temperatures are on the order of 1200 K 
for flames of similar coal bulk density. Oxygen, 
carbon monoxide, and carbon dioxide profiles behave 
in a somewhat analagous manner and, after accounting 
for the considerably higher oxygen concentration 
used in this study, the peak values are similar.
Both flames display low concentrations of pyrolysis 
products hydrogen and methane, although.they reach 
levels of 1-2% in the premixed flames and are not 
observed in concentrations above trace in the diffu
sion flame. Again, the higher oxygen concentration 
in the diffusion flame may be the reason. Flame 
zone thicknesses are both on the order of 5 mm, and 
the reaction zones are both quite bright. The extent 
of devolatilization and solid species profiles 
through the flame are similar.
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2. Perhaps most surprising is the lack of pre-flame 

zone pyrolysis in the diffusion flame„ Gas tem
peratures are on the order of 800 K at the burner 
exits, which is hot enough to initiate pyrolysis of 
bituminous coal. It appears that the particle 
temperature is below the gas temperature until the 
particle is rapidly heated in the flame zone, and 
pyrolysis occurs very rapidly. It is assumed that 
the modified ASTM test for devolatilization, used 
correctly, predicts the onset, if not the extent 
of devolatilization.

It is most interesting to note that the model of 
Smoot et al. (1977) predicts that the coal particles
do not begin to devolatilize until they enter the 
flame zone, then suddenly released volatiles back- 
diffuse into the oncoming oxygen to react and heat 
up particles entering the flame. The model predicts 
the major significance of the effects of molecular 
diffusion and gas-particle heat conduction on the 
propagation of the flame. The similarities between 
'the model predictions for premixed flames and the 
observations of the coal opposed jet diffusion flame 
are striking.
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Difficulties in stabilizing premixed flames when the 

burner is cooled are similar to experiences with the opposed 
jet diffusion flame. When a cooling annular purge of nitro
gen was tried with the diffusion flame, no flame could be 
stabilized. The diffusion flame stability visibly improved 
after the burners heated up to their steady state tempera
tures. Both flames are clearly sensitive to thermal distur
bances.

Future Work
Although much can be learned from the experimental 

data and direct observations of the flame, much more can be 
learned by combining a detailed mathematical model with 
additional experimental work. For example, the mechanism 
of ignition could be examined by testing the validity of the 
proposed mechanisms mathematically then comparing the model 
predictions with experimental results. The model would 
serve to extend experimental results and help design experi
ments that are most likely to validate a given mechanism.
In addition, Smoot et al. (1977) have shown the utility of 
a sensitivity analysis in delineating dominant mechanisms.

Some possible future studies include:
1. The effect of coal type, size or size distribution 

on flame structure.
The effect of partial premixing of oxygen on blowout 
and maximum stretching rate.

2.
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- 3. The effect of departures from laminar flow on flame 

structure and stability.
4. The effect of preheating either or both jets on 

flame stability.
5. The effect of flame suppresants in either jet on 

ignition characteristics.

The possibilities are numerous. In general, explora
tion of the influence of non-premixing of reactants on flame 
characteristics is probably the most fundamental contribution 
that the opposed jet configuration can make.



APPENDIX A

MISCELLANEOUS CALCULATIONS
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Miscellaneous Calculations

1. Sampling Velocity Calculations
For the probe used (inside diameter = 0 . 5  cm), the

cross-sectional area of the probe is;
2

probe area = 77 —  = 0.196 cm^
2

velocity of sample in probe = — =— CIU— _—■ volumetric sample
f low

for a volumetric sample flow of 1 liter/min
2

sample velocity = — — - - 85 cm/sec
4.67 cm"3/sec

1000 cc/min sample flow rate was used for the continuous 
analyzers.

For the gas chromatographic analyses, the sample
3flourate was 500 cm /min, so;

sample velocity = 42.5 cm/sec.

To determine isokinetic sampling velocity, the local 
radial gas velocity must be estimated. From the equation 
for radial velocity;

vr = E #  (z)

where ^(z) accounts for the increase in velocity due to 
the decrease of density. At the peak value, ^ =? 1.75, 
a value taken from Hahn and Wendt (1981).
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vr = (1.75)er 

-1for e = 2.1s ; r = 1.75 cm

- 6.43 cm/sec

•* g ,c . sampling was about 6.5 times higher than
isokinetic and the sampling for the continuous ana
lyzers was about 13 times higher than isokinetic.

2. CO and CO 2  Absorption in Sample System

The use of liquid water to quench solid and gaseous 
reacting specie in the tip of the probe and the pressure 
of water in the knock-out chamber raises the question 
of whether CO and CO 2  were absorbed to such a degree 
that the measured and true sample concentrations differ 
appreciably.

Assuming Henry's law holds, i.e. , solubility, 
characterized by H, Henry's law constant, may be defined 
as:

p_A (atmospheres component A)
^ XA (mole fraction A in HgO)

at 20°C:
Hg o = 1.42 NO^ atm (Perry and Chilton, 1973)

Hco = 5.36 NO4 atm

The collection chamber capacity is 500 cm^. Assume 
the entire chamber is initially filled with pure water.
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How long would it take to saturate the water with. 

CO and CO 2  at typical sample flowrates and sample com
positions?
(a) C02 : P^q - 0.15 atm

0.15
C02 1.43 x 103

1.05 x 10 -4

moles CO 2  

0.5 liter ^ 0
(1.05 x 10 4)

moles H~0
(55.56 --ifter ") (0"5 liter)

2.91 x 10 3 moles CO.

sample flow rate = 0.5 liters/min
(0.5) (0.15) liters CO^/min 
7.5 x 10 3 liters CO2/min

(1 atm)
sample (0.08206— l--f-t- n-1>-) (293 °K)g mole °K 

4.26 NO 3 g mole/liter

CO 2  flowrate in sample - (4.26 x 10 3 g mole/liter)
(7.5 NO 3 liters/min)

= 3.19 NO 3 g mole C02/min 
Instantaneous mixing would equilibrate the water in 
about 55 seconds. Even with poor mixing, equilibration
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would occur quickly, given the long times between sample
taking (~ 15 minutes).

(b) CO; A similar analysis yields an instantaneous 
equilibration time of about 15 seconds.

3. Quenching Calculations
The water quench should instantly stop any reactions 

taking place in the probe tip. Assume that the water 
reaches the probe tip at 100°C and quenching is due 
entirely to latent heat of vaporization:

(latent heat) y. ^ = 540 cal/cm^

quench water flowrate = 4 cm^/min 
energy available = 2160 cal/min

Assume the gas and solid species are at 1500°C and:

(C ) = 0 . 3 1  cal/gm °C (Perry and Chilton,p gas
1973)

(Cp)coai ^ 0.298 cal/gm °C (Smoot and Horton,
1977)

(p)gaS == 1.92 x 10 4 gm/cm'V i

The bulk density of coal is assumed to be 0.2 gins/liter 
or 2.0 x 10"“̂  gms/cm^.

3Sample flow rate = 500 cm /min
coal mass flow = (500 cnv/min) (2.0 x 10  ̂ gm/cm^)

0.01 gms coal/min
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In order to cool the gas and solid from 1500°C to 100°C,

q = [ (500 cm'Vmin) (1.92 x 10  ̂gm/cm^) (0.31 cal/gm °C) 
+ (0.01 gms coal/min)(0.298 cal/gm °C)](1400°C)

^quench = 45:8 cal/min
ratio of energy available to energy required = 47.2

The water rate appears more than adequate to quench
the reactions in the probe tip.

4. Stretching Rate Calculation
In the cold (unreacting) flow, stretching rate is 

defined:

e = -v^/burner spacing

where vz is the axial velocity at the upper burner exit 
and the minus sign is because of the upwards direction 
of z-axis.

In a typical run, burner spacing and e are chosen 
and the gas-velocity, and therefore gas volumetric flow 
is established. Equal velocities were always chosen for 
the two jets, simply for convenience.

In the reacting'flows, of course, the true stretching 
rate that results from any choice of the two burner exit 
velocities is unknown and must be found from the solution 
of the coupled equations. Specifically, integration of
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the continuity equation would reveal the true stretching 
rate.

In short, choosing the two gas velocities (one at 
each jet) and the burner spacing uniquely determines 
the stretching rate, but we do not know what that 
stretching' rate is unless we can integrate the continu
ity equation.
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Experimental Data

1. Flammability Test; Conditions at Flameout

Date
Coal

Density . 
mg/liter

Oxygen
Cone
%

Stretching
Rate
sec--*-

Burner
Spacing

cm

12/25/80 209 80 2.45 3.0
12/29/80 205 85 2.50 3.0
12/30/80 202 75 2.45 3.0
12/30/80 207 70 2.40 3.0
12/31/80 241 65 2.30 3.0
12/31/80 260 60 2.05 3.0
12/31/80 227 55 2.25 3.0
1/7/81 250 85 2.65 3.0
4/4/81 207 85 2.10 4.5

Ref. Figure 4.1.
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2. Temperature Profiles

Date: 1/18/81; burner spacing = 3 cm (92.7 - 89.7) ; 
C>2 = 85%; e = 2.15s ; p = 240 mg/liter; thermocouple
radial position = 2.75 cm from axis.

Position, cm Measured Temperature, °C

89.8 426
90.2 480
90.4 540
91.1 760
91.3 870
91.45 844
91.75 755
91.90 660
92.2 525
92.4 502 •
92.10 535
91.75 660
91.6 800
91.1 880
90.6 640
89.95 485

Ref. Figure 4.7.
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Date: 1/18/81; burner spacing = 3  cm (90.7 - 89.7);
© 2  = 85%; e = 2.15s ; p = 240 mg/liter; thermocouple
radial position = 2 . 6 5  cm from axis.

Position, cm Measured Temperature, °C

9 0 . 0 46 0

9 0 . 3 52 0

9 0 . 7 70 0

9 1 . 0 790

i—1 
i—1
<T\ 8 5 0

9 1 . 3 5 875

9 1 . 5 820

9 1 . 8 72 5

9 2 . 0 55 5

Ref. Figures 4.2 and 4.7.



Date: 2/7/81; burner spacing = 4.5 cm; = 85%; 
-1£ = 2.0 s ; p = 207 mg/liter; thermocouple radial 

position = 2.75 cm from axis.

Relative Position, cm Measured Temperature, °C

-2.15 . 390
-1.75 415
-1.65 420
-1.40 440
-1.35 440
-1,15 450
-0.80 510
-0.75 580
-0.55 675
-0.25 800
0.00 780
0.00 820
0.15 835
0.45 790
0.45 780
0.65 605
0.90 580

. 0.95 515
1.25 480
1.55 465
1.55 455
1.95 450
1.95 445

Note; gas sample flowrate = 1 liter/min. 
Ref. Figure 4.2.
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3. Continuous Analyzer Gas Profiles

Date: 1/17/81; burner spacing = 3.05 cm (89.7 - 92.65); 
C> 2 = 85%; e = 2.15s ; p = 210 mg/liter; probe radial
position = 2.22 cm from axis (without water-quenching 
in probe).

Position, cm % °2

92.5 0.3
92.2 0.3
91.6 1.2
91.4 20
90.7 >25
90.3 >25

CO Reading CO 2 Reading

1 
5 

19 
7 
3 
1

3
11
78
99
55
12

Note: gas sample flowrate = 1 liter/min. 
Ref. Figures 4.7, 4,3 and 4.4,

-3
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Date: 1/17/81; burner spacing = 3.05 cm (89.7 - 92.65) 
O 2 = 85%; e = 2.15 s p = 210 mg/liter; probe radial 
position = 2.75 cm from axis (no water quench).

Position, cm % o2 CO Reading C02 Reading

90.2 >25 0 7
90.5 >25 1 13
90.7 >25 2.5 48
91.2 >25 6 ■ 94
91.8 2.5 17 78
92.2 0.1 4 9

Note: gas sample flowrate = 1 liter/min..
Ref. Figures 4.7 , 4,3 and 4,4.
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Date: 2/21/81; burner spacing = 4.5 cm,(93.9 - 89.4); 
C>2 = 85%; e = 2.0s p = 240 mg/liter; probe radial 
position = 2.75 cm (water quench in sample probe).

Position, cm. % o 2 CO Reading C02 Reading

89.85 >25 0 4
90.6 >25 1 6
90.9 >25 2 20
91.5 >25 7 71
91.95 17 13 89
92.2 3.6 22 78
92.9 0.4 1 5
91.9 16.5 15 82
92.6 0.7 9 35
92.7 0.7 9 35
91.0 >25 2 22
91.35 >25 4 55
92.0 9 15 77
92.3 2 11 . 49
93.4 . < 0 . 5 1 5

Note: gas sample flowrate = 1 liter/min.
water quench flowrate = 5 cm^/min.

Ref. Figures 4.3 , 4.4 and 4.5 e
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4. Gas Chromatograph and Solid Species Data
(a) Gas chromatograph characteristics: 

Component
Hydrogen (H^)

<02)
<h 2 )

Oxygen 
Nitrogen 
Methane (CH4) 
Carbon Monoxide 
Carbon Dioxide

Typical Retention 
Time (min)

(CO)
<co2>.

(sf-el
II Column!/

||Porapak jj 
Column

0.51

0.7 8 
0.94 
1.64 
1.85 
4.52

Response Factor 
25.63

(subtract 0.0063 
from area first)

0.43
0.48
0.57
0.47
1.02

Gas chromatograph data:
Date: 3/24/81; burner spacing = 3 . 0  cm (92.4 - 89.4);
e = 2.0s ; Og = 85%; p = 207 mg/liter; probe radial
position = 2.75 cm;

Component Area . Response
Factor

Calc.
Composition, %

Hydrogen <0.0063 25.63 0
Oxygen 8.18 0.43 25.9
Nitrogen 18.33 0.48 64.7
Methane 0.0089 0.57 0.03
Carbon Monoxide 0.084 0.47 0.25%
Carbon Dioxide 1.219 1.02 9.13%

Note: gas sample flowrate = 0.5 liter/min.
water quench flowrate = 4 cm /min. 

Ref. Figure 4.6.

3
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Date: 3/24/81; flame conditions identical to above 
except probe position = 91.8 cm or +1.0 relative 
position.

Component Area Response
Factor

, Calc,.
Composition, %

H2 0.006 25.63 0

°2 0.199 0.43 0.55

N 2 .32.28 0.4 8 98.91
c h 4 0.005 0.57 0.01
CO 0.024 0.47 0.07
C02 0.07 1.02 0.46

Ref. Figure 4.6.

Date; 3/26/81; same flame conditions as above; relative
probe position = 0.15 cm.

Component Area Response
Factor

Calc.
Composition, %

H2 0.006 25.63 0

°2 1.092 0.43 5.62

N 2 15.36 0.48 79.07
c h 4 0.0012 0.57 0.01
CO 0.305 0.47 1.57

2.668 1.02 13.73

Ref. Figure 4 o 6 o



Date: 3/26/81; same flame conditions as above; relative 
probe position = 0.3 cm.

Component Area Response
Factor

Calc.
Composition, %

H2 0.046 25.63 0.3

°2 0.487 0.43 3.16

N 2 . 14.06 0.48 91.34
c h 4 0.0016 0.57 0.01
CO 0.067 0.47 0.44
C02 0.731 1.02 4.75

Ref. Figure 4.6.



(b) Solid specie data— modified proximate analysis*

No.
Sample

Relative Position Wt. 1 Wt. 2 % N Fixed0C FixedaC Vlat C % Ash

1 1.18 cm 1.535 0.896 0.83 48.1' 46.9 41.63 10.3
2 0.78 cm 1.163 0.677 0.67 47.1 46.25 41.79 11.09
3 0.05 cm 1.266 1.118 0.75 65.2 63.62 11.69 23.10
4 1.00 cm 3.197 1.827 0.68 46.3 44.84 42.85 11.62
5 0.30 cm 1.511 1.032 0.70 54.5 51.02 31.70 13.80
6 0.15 cm 1.509 1.161 0.67 59.3 57.20 23.06 17.69
7 Standard 0.75 43.5 43.00 44.38 12.12

* Procedure: dry, weigh, 7 minutes hold at 950°C in He; reweigh.
a Analysis., 
c Calculated.
Ref. Figure 4.8.



Carbon-hydrogen-nitrogen-ash analysis

Sample
No. Relative Position % N % c • % H % Ash

1 1.18 cm 1.71 71.02 4.46 10.32
2 0.78 cm 1.72 66.76 4.40 10.35
3 0.05 cm 1.47 70.43 1.10 . 23.06
4 1.00 cm 1.67 68.52 4.46 11.62
5 0.30 cm 1.53 70.30 3.03 13.75
6 0.15 cm 1.51 69.00 2.03 15.43
7 Standard 1.50 73.60 4.75 9.88

Ref. Figure 4.9.
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Matheson 6 0 5

0 .7 5 -

Setting, mm

Figure B.l. Rotameter calibration, air, 298 K.



2.0 -

From Beckman 

Instrument Calibration Chart

Recorder Deflection

Figure B.2. IR analyzer calibration for CO, 1 atm and 298 K. 102



From Beckman 
Instrument Calibration Chart

Recorder Deflection

Figure B.3. IR analyzer calibration for CC>2 , 1 atm and 298 K.
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Brooks Tube Number 8 -R S -8 -2

2 , 5 -

Setting on Tube

Rotameter calibration for transport
N2, 298 K.

Figure B.4.
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FP Tube Number 
B 4 - 2 I -5 I7 7

0 . 5 -

Setting on Tube (%)

Figure B.5. Rotameter calibration for oxygen; 798 K.
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Figure B.6. Rotameter calibration for air; sample rotameter. 106
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Figure B.7. Rotameter calibration for quench water.
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Varidrive Setting

Figure B.8. Calibration for coal feeder, using Utah 
bituminous, as received. 108
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Nomenclature

Constant, coal particle analog to stretching rate, 
e , (sec 1)

3Molar density (gm-mol/cm )
Coal particle velocity vector (cm/sec)
Heat capacity (cal/g mol °K)
Pseudo-binary diffusion coefficient of Species A 
Burner spacing (cm)
Herodynamic drag force (N)
Gravity force (N)
From Equation 9, Chapter 7; function describing 
axial dependence of pressure 
Enthalpy (cal/g mol)
Thermal conductivity of gas (cal/cm-sec °K)
Burner separation used in model (cm)
Mass of coal particle (gm)

3Number density (number/cm )
Number of chemical reactions 
Pressure (atm)
Radial distance (cm)

3Rate of formation of species A (gm-mol/cm -sec) 
Coal particle reaction rate (gm/sec)
Temperature (°K)
Gas velocity vector (cm/sec)



Mole fraction
Dimensionless axial distance 
Axial distance (cm)

Greek Symbols

Operator, refers to change in argument being operated 
upon
Stretching rate (sec "*")

T—298Dimensionless temperature = — - 
Summation
Viscosity of mixture (gm/cm-sec)

3Density (gm/cm )
Similarity variable, coal particle velocity 
Similarity variable, gas velocity

Subscripts

Species
Reaction
Size classification, 
particle
Radial component. 
Axial component

coal particle

Superscripts

Initial value, chosen arbitratily
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