
'_°_o-_._ All __ ,?,_," '"; _J_ 1100 Wayne and Image Management

"?" b Silver S p r in gA,¢eMnU_laSnj 12e0191000 /_ (,<

N

..--_ .._. MI::INUFI:::ICTURED STI::INDI::IRDS k) % _/__ 4BY _PPLIED IMAGE, INC. _//_

-_#/ -_





DETERMINATION OF LOCAL RADIATIVE

PROPERTIES IN COAL-FIRED FLAMES
t

(Grant No: DE-FG22-BTPCV9916)

TECHNICAL PROGRESS REPORT- DOE/PC/T9018-3

THE FIRST YEAR • 9/I5/1987 - 9/I5/1988

Submitted to the

U.S. Dcp_tment of Energy
Pittsburgh Energy Technology Center

M. Pinar Mengdf



DETERMINATION OF LOCAL RADIATIVE

PROPERTIES IN COAL-FIRED FLAMES

(Grant No: DE.FG22-S7PC79916)

TECHNICAL PROGRESS REPORT - DOE/PC/79916-3

THE FIRST YEAR ." 9/15/1987- 9/15/1988

Submitted to the

U.S. Department of Energy

Pittsburgh Energy Technology Center

M. Pinar Mengif

DISCLAIMER

This report was prepared as an ac_._ountof work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
once herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not nece_sari!y state or reflect those of the
United States Government or any agency thereof.



l b

DETERMINATION OF LOCAL RADIATIVE PROPERTIES

IN COAJ.,-FIRED FLAMES

(Grant No: DE-FG22-87PC79916)

TECHNICAL PROGRESS REPORT- DOE/PC/79916-3

FIRST YEAR : SEPTEMBER 15, 1987- SEPTEMBER 15, 1988

Submittedtothe

U.S.Department ofEnergy

PittsburghEnergy TechnologyCenter

by

M. Pinar Mengfic (Principal Investigator)

B. Agarwal (Graduate Student)

M. Bush (Graduate Student)
D. Dsa (Graduate Student)

S. Subramaniam (Graduate Student)

Department of Mechanical Engineering
University of Kentucky

Lexington, KY 40506-0046



• ID

TABLE OF CONTENTS

PREFACE ................................................................................................................. ii

1. INTRODUCTION ................................................................................................. 1

2. ANALYTICAL STUDIES ...................................................................................... 4

2.1 Inverse Radiation Problem - Axisymmetric System ........................................ 5

2.2 Tomographic Reconstruction Technique ........................................................ 9

2.2.1 Convolution Technique for Computed Tomography .............................. 12

2.2.2 Application of Convolution Technique for Angular Tomography ........... 16

2.3 Inverse Monte Carlo Technique for Plane-Parallel Media ............................... 17

2.4 Scattering Phase FuI_ction Approximations ................................................... 20

3. EXPERIMENTAL STUDIES ................................................................................ 25

3.1 Experiments in Light Scattering - A Literature Review .................................. 25

3.2 Pulverized-Coal Flow Experiments ................................................................ 29

3.2.1 Coal Test Cell Apparatus ..................................................................... 35

3.2.2 Optical and Detection System ............................................................... 37

3.2.3 Experimental Procedure ........................................................................ 39

3.2.4 Data Reduction .................................................................................... 40

4. FUTURE WORK .................................................................................................. 43

5. REFERENCES ..................................................................................................... 45



PREFACE

This report presents results of research on determining the radiative properties of coal particles

under a grant from the U.S. Department of Energy Pittsburgh Energy Techn: :ogy Center (Grant

No: DE-FG22-87PC79916). The report covers the period September 15, 1987 through September

15, 1988, which is the first year of the three year program. Because the grant started in the middle

of the fall semester, we did not have any graduate students working on the project until January

1, 1988. Originally, Professor R.A. Altenkirch was also involved with the project as a co-principal

investigator. However, in June 1988 he resigned from the University of Kentucky to become the

Dean of College of Engineering at Mississippi State University. Instead of directing funds to

another faculty member, we chose to hire more graduate students to work on this project. In addi-

tion to four students involved on the project, one other student will start working on this research

in January 1989. It is also important to note that, we obtained partial support from University of

Kentucky Center for Computational Sciences (for S. Subramaniam), from Department of Mechani-

cal Engineering (for B. Agarwal, D. Dsa, and S. Subramaniam) and from NSF Grant CBT-

8708679 (for B. Agarwal) during the first year to support graduate students.

The report is divided to two parts. In the first one, we discuss the analytical studies performed

so far. We do not give the details of the tomographic reconstruction technique here because it was

discussed in our first report. On the other hand, detailed description of other analytical works will

be given in upcoming journal papers. In the second part of the report, the development of an

experimental test cell and preliminary experiments are discussed in addition to the literature sur-

vey of related works.



1. INTRODUCTION

Radiation transfer is the most significant mode of heat transfer in large scale pulverized-coal

fired furnaces. In order to improve the efficiency of these systems, radiation heat transfer should

be modeled accurately. In predicting the radiative heat flux distribution in practical systems, three

important problems must be considered simultaneously: i} mathematical formulation and solution

of the radiative transfer equation (RTE), ii} modeling of spectrally banded radiation from the

combustion gases, and iii) modeling of continuum radiation from the particles such as soot,

pulverized-coal, char, and fly-ash in the combustion products. In addition to these, the interaction

of radiation with combustion and with turbulence should be accounted for (Faeth et al., 1985).

Recently, an extensive, in-depth review of the modeling of radiation heat transfer in combustion

chambers has been prepared (Viskanta and Menguc, 1987}; therefore, there is no need to repeat

that material here.

It is already known that the most important mi_ing link in the prediction of radiation heat

transfer in combustion systems is the lack of detailed information about the optical and physical

properties of combustion products (Viskanta and Menguc, 1987}. The purpose of this research is

to determine the radiative properties of coal particles. Considering the uncertainty in the funda-

mental optical and physical properties of coal particles, such as complex index of refraction, size,

size distribution, and shape, it is difficult to predict the radiative properties of particles using

available analytical methods, such as Lorenz-Mie theory. For a better understanding of radiation

and radiation/combustion or radiation/turbulence interactions, it is preferable to determine the

= radiative properties in situ.

The radiative properties of particles can be calculated rigorously from Lorenz-Mie theory (van

de Hulst, 1981; Bohren and Huffman, 1983} for particles that are either spherical or long and
_

cylindrical in shape. For other shapes, the properties can be determined using the extended boun-

dary condition (T-matrix) method (Waterman, 1971; Barber and Yeh, 1975). The latter method is

too tedious to be used in practical systems, and its use cannot be justified unless the shapes of the

particles are well defined. If the particles are assumed to be spherical or cylindrical, then Lorenz-



Mie calculationscan be easilyperformed to predictthe radiativeproperties,provided thatthe

spectralcomplex index of refractionof the particlesand the localparticlevolume fraction(or

number density)in the medium are available.The assumptionofsphericalshape forcombustion

generatedparticlesiswidelyemployed,and itisusuallyacceptablebecausetheparticlesizedistri-

butionwashes away most of the non-uniformshape effectsto yieldradiativepropertiescloseto

thoseforsphericallyshaped particles(Kerker,1969;Chylek,etal.,1976).ltistheuncertaintyin

the complex index of refractionof the particlesand theirlocalvolume fractionin a combustion

chamber thatarethe main sourcesoferrorinpredictingradiativeproperties.

In particleladen flames,the particleradiativepropertiesare more criticalthan thoseof the

gasesbecauseparticlesabsorb,emit,and scatterradiationwithinthe entirewavelengthspectrum,

whilegasescontributeonlyincertainspectralbands. The particleproperties,however,are usually

approximated,ratherthan accuratelypredicted,becauseof a prioriassumptionsabout thespectral

complex index of refraction,particleshape,size,and particleconcentrationdistributions.There

are some fundamentalstudiesavailableinthe literaturewhere sootand fly-ashcomplex indexof

refractiondata were obtainedby applyingthe classicalreflection/transmissionmeasurement tech-

niqueto thin,compressedsootor fly-ashwafers(Felskeetal.,1985;Goodwin, 1986).Although it

was shown by Felskeetal.(1985)thatthe sootopticalpropertiescan accuratelybe obtainedfrom

such measurements, itisdifficultto say whether or not the complex indexof refractionof the

micron-sizefly-ashparticlessuspendedwithinthe hot combustiongaseswould be thesame as the

compressedwafers.

Inordertostudythe interactionofradiationwithcombustionor turbulenceincombustionsys-

tems, we have to know the medium radiativepropertiesas accuratelyas possible.We cannot

affordtouse some "guessed"valuesforthe complex indexofrefraction,shape,size,and concentra-

tiondistributionsof the particlesto draw conclusionsabout micro-scaleradiation-turbulenceor

radiation-combustioninteractions.The reasonwe need to know the complex index of refraction

and thesizeof the particlesisto determinetheradiativepropertiesusingthe establishedtheoreti-

calmodels,such asLorenz-IV[letheory,ltisalsoimportantto notethatto studysuchfundamental



3

interactions, we have to know the local radiative properties, not the complex index of refraction of

the particles, lt is required for the calculations of absorption, extinction, and scattering cross sec-

tions, and the scattering phase function using Lorenz-Mie theory or the T-matrix method, and to

perform these calculations the particle size and shape is to be approximated. It means that, even

if we have accurate values for the spectral complex index of refraction and size of the particles, a

significantportionofthatinfc,rmationwillbe lostbecauseoftheshape and concentrationdistribu-

tionapproximationsmade.

With thesefactsin mind, itispossibleto proposean "effectiveradiativeproperty"conceptfor

the particlesin practicalsystems. These effectivepropertiescan be obtainedfrom a detailed

experimental/analyticalprocedure. First,a seriesof experimentswillbe performed,and the

attenuationand scatteringof incidentradiationat severalangularorientationswillbe recorded.

The physicaland opticalcharacteristicsof the totalparticlecloud determinesthe amount,of

attenuation,and thisinformationwillbe carriedin the measured projectiondata. Effectivepro-

partiescan be determined by solvingthe inverseradiationproblem in a correspondinggeometry

usingtheseprojectiondataas input.Followingthis,empiricalrelationsfor"effectiveradiativepro-

perties"can be derivedforgivenphysicalconditions.This can be achievedifotherphysicalproper-

ties,such as volume fractionand particlesizedistribution,temperatureof the particlesand

combustion gases,and concentrationdistributionofgases,can be predictedfrom theor)or parallel

experiments,and theircontributionto theexperimentaldataisquantified,ltisworth notingthat

many researchershave intuitivelyused the effectivepropertyconceptto calculatethe radiative

propertiesin inhomogeneous media,usuallyby assigningmean valuestodifferentparameterssuch

as diameter,complex indexof refraction,localvolume fractioncompositionand others(see,e.g.,

Menguc and Viskanta,1986).However, in theliterature,thereisno fundamentalstudy basedon

i.)erimentsfrom which the radiativepropertiesof particlecloudsthatscatterthe radiationcan

be obtained.

In complicatedpracticalsystems,themedium isusuallyinhomogeneous,and.therefore,analyt-

icalinversionof the r_diativetransferequationin orderto determinethe radiativepropertiesis



almost impossible ta achieve. If the medium is assumed to be absorbing, emitting, non- or only-

forward-scattering, then the solution of the inverse radiation problem in a one-dimensional

geometry will yield the desired effective properties. If the medium is cylindrical and axisymmetric,

then the solution of the inverse radiation problem is obtained by solving the Abel integral equa-

tion (Cremers and Birkebak, 1966; Chakravarty et al., 1988). Although the axisymmetric

configuration can be realized for most particle-laden flames, the situation where the particles are

non-scattering or scatter only-in-the-forward direction cannot. However, even a slight perturbation

from non-scattering to, for example, predominantly-forward-scattering, makes the problem

significantly more complicated, and none of the conventional models can be used to solve the

resulting inverse radiation problem.

2. ANALYTICAL STUDIES

One of the main goals of this study is to develop an analytical procedure to determine the

"effective radiative properties" of cylindrical axisymmetric, inhomogeneous, absorbing, and aniso-

tropically scattering clouds using the data from line-of-sight measurements. These "projection

data" will be reduced to determine the local, effective scattering and extinction cross sections, and

the scattering phase function of particles. The data reduction scheme is based on the solution of

the inverse radiation problem.

The inverse radiation problem is to be formulated and solved by considering the physical sys-

tem. For an absorbing, emitting, and anisotropically _cattering pulverized-coal flame, the system

to be considered is cylindrical and axisymmetric, but nonhomogeneous. If the medium is not

scattering, the solution of the inverse problem is obtained from the Abel integral equation. For a

scattering medium, however, there is no inverse solution technique available in the literature. A

new technique, angular tomography, can be used for such a system provided that the medium is

not a multiple scattering one. In this chapter, the formulations of the inverse solution techniques

for axisymmetric systems will be discussed. In addition to that, we will briefly discuss an inverse

solution technique based on a Monte-Carlo statistical approach for one-dimensional planar sys-

tems. This approach is especially useful for determining the properties of a cold stream of
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coal/charparticlesin-situ,from the experimentsdiscussedinChapter 3.

2.1 Inverse Radiation Problem - Ax|s_mmetr|c System

In order to determinethe radiativepropertiesof nonscatteringmedia, the inverseradiation

problem issolvedeitherstartingfrom the integralform of the radiativetransferequation(RTE)

or afterreducingitto the Abel integralequation.Recently,we used both of thesetechniquesto

determinethe absorptioncoefficientprofilesina smoking ethylene-airdiffusionflame(Chakravarty

et al.,1988).The tomographicreconstructiontechniquewas especiallypowerfulfor thistype of

inverseproblem.

Tomographic reconstruction,which isthe backbone of computed tomography, isbasedon the

Radon transform (Deans, 1983; Natterer, 1987). This technique will be applied to an absorbing,

emitting, scattering, and nonhomogeneous medium for the first time, and it will be called "angular

tomography".

As the name _uggests (in Greek, "tomos" means section), tomography is based on the measure-

ment of the change of the radiation intensity along the sections of property field. The measure-

ments are performed at M radial r locations and at N angular 0 orientations (see Fig.l), and a

line-of-sight projection from each section is recorded. If the medium is an absorbing medium, then

the attenuation of radiation along the path is governed by the Boguert-Lambert law, which can be

written as

Ix(r,8)/IoA = Dxexp (- f [ E Nj QI, hj]ds) (1)
i j

where Io,x and Ix are the initial and transmitted spectral radiation intensities at wavelength _,

respectively;N iisnumber densityof particles;Qf,hdisspectralabsorptioncross-sectionofthe j-th

type particles,and sisthe path lengthof radiation.In thisequation,Dx isa parameterthatcar-

riesinformationabout the solidangle for the detector,detectorsensitivity,and other propor-

tionalityfactors.We can rewriteEq.(1)as

Ix(r,0)
-In _ = P(r,e)= f f(x,y)ds (2)

Dx_,,x s
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Here P(r,0) is the projection for a given angle 0, and it is known because the I_/IoA ratio is meas-

ured experimentally. In order to estimate the accuracy of the proposed method, it is desired to

evaluate it numerically. For this reason, we obtained the projection intensity, P(r,0), for an

axisymmetric, thin medium. We assumed that there is single scattering only, and the medium is

comprised of several uniform-property cylindrical ring elements. Then, the radiative transfer equa-

tion along the line-of-sight is given as

d._I.I, -(n+¢)i + cp(s,0)l d-_-G = -31 (3)ds 4_

where

= _(s) [ l-co-_-rn p(s,0)] (4)

AI'ter a lengthy algebra (Mengu¢, 1988), the ratio of intensity scattered to direction _ by a control

volume on the axis at location Xo to the incident intensity is given as (see Fig.2)

I* - --_ - T(xo,_)S(x0,_) (5)
Ii

where T and S corresponds to transmission and scattering components, respectively, and they are

given as

T(xo,_)- T_(xo,_)+ T_(xo,_) (6)

N

T,(xo,_) ffi exp[-xoS0,E l gl(st)w,] (Ta)

N

T2(xo,_) " exp[-2Xo_eOS_ E g2(ai)wi] (Tb)

with

x0 1 (Sa)
g'(_)"3(cO_0o_))[l+,(e0_,,)]cos_(0o_)

- xocos_ 1 (sh)
_(_)" _(cos(_) )¢os2(_)
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Fig.2 Coordinate system and nomenclature used for angular
tomography algorlchm.



and

P(X°'_b)as (9)S(x0,_b) ffi o(x0) 4_r

where

._, sin('T+/_) cos(_/+/9) sin('_+_) cos('_+_) sin2"_-cos2_b(l--cos'/cos0)

s - sm_t-- sinp + cos_b + ( cos_b + sinp )( sin,_cos0cos2_b_2sin2,y )] (10)

In Figs.3 and 4, calculated theoretical distributions of transmission as a function of scattering

angle are shown (for corresponding nomenclature, see Fig.2; K is a system constant). It is clear

that, as the particle diameter for bituminous coal decreases, a significant change for the angular

transmission is obtained. On the other hand, if the particles are large, then their contribution is

mainly in the forward direction. This observation mp.y lead us to two significant conclusions: i) if

there are only coal particles in the medium, then in the experiments it is not zritical to focus the

laser beam to center, ii) if there are also fly-ash particles present (size of which may be less than 10

pm), then variation in angular transmission can be attributed only to the fly-ash radiative proper-

ties, which may allow us to determine their properties in situ.

2.2 Tomographle Reeonftruetlon Technique

The angular transmission/scattering data displayed in Figs. 3 and 4 can be used in inverse solu-

tion schemes to determine medium effective properties. The projections at different angles can be

measured by changing the orientation of the light source, i.e., by changing 8. Once the transmis-

sivity measurements at M spatial and N angular grid points are recorded, the property field can be

obtained from Eq.(2) using one of the four image construction methods, namely i) the back projec-

tion method; ii) algebraic reconstruction techniques (ART); iii) the Fourier transform method; iv)

the convolution (or, filtered back projection) method (lizuka, 1985). Although the accuracy and

efficiency of these methods may change from one application to the other, the convolution method,

which was originally proI>osed by Ramachandran and Lakshminarayanan (1971), is the most frc-
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quently used method in the application of computed tomography, mainly because of its computa-

tional simplicity. Its use has been recommended unless evidence is available to the contrary in a

particular application (Herman, 1980). For axisymmetric, absorbing media, it was shown that this

method consistently yields accurate and stable results for reconstructed profiles (Chakravarty et

al., 1988).

The projection - intensity expression, Eq.(3), can be modified to get:

2

_ (11)
P(l,_) = -l,_- I

In a classical sense, P-functions can be considered as Radon transforms of B functions (Deans,

1983). lt is important to recognize that the path 1-2 is not a straight line, as in the definition of

the Radon transform, but it is a path that is made up of segments that are piece-wise straight (see

Fig. 2). Eq. (II) can also be written as:

P(l,_) ffif' (1,_)- Rf(r)-//f(r) 6(l-_.z)dz (12)

where the Dirac function is used to pick the projection intensity along the path length ], with the

direction cosine _. In this problem, the distribution function f(r) is related to the modified extinc-

tion coefficient distribution, ]9, of the medium.

2.2.1 Convolution Technique for Computed Tomography

In this section, we will follow the Fourier convolution technique of Ramachandran and Laksh-

minarayanan (1971) to reconstruct the _-function given in Eq. (II) (or, say, f-function for general

application) using the projection intensity readings.

The Fourier transform of Eq. (11) is

gr

F(R, 4))ffi f P(], _b) exl_(2_iRl)d] (13)
-dr

where x0 _- I. Here the ¢]_-angle is equivalent to the _-angle, and it corresponds to the _-ansle

given in the paper by Ramachandran and Lakshminarayanan (1971). We choose to use bold char-

acters for the transformed angle to differentiate the real and Fourier domains from each other.
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The f-functions can be written using the inverse Fourier transform:

f(r, q0)R f f F(R, @)exp [-2riRr co6(,-.) RdRd_ (14)
0 0

For an axisymmetric system, • dependency is not required. In Eq. (11), f(x0,@) is to be interpreted

as f(r) because each (x0, 0) pair yields a single r-value.

The configuration for the l- and the cI_-parameters is shown on Fig. 5. The path indexed with

"l" corresponds to following sum:

l-- nonscattered light up to center line + scattered light in @direction

Here _b is the angle at which the detector line-of-sight is oriented with incident radiation line-of-

sight, which coincides with 4_-angles.

Using this configuration, we can write "angular tomography" expressions from the regular

"computed tomography" expressions. There are basically two fundamental differences between the

angular tomography (AT) and computed tomography (CT):

i) In CT, the orientation of the incident beam is changing in the projection intensity plane. In

AT, the incident beam orientation is fixed, although the projection intensity plane is a func-

tion of • ( or _b,or 0).

ii) In the AT formulation, we have an extra term: the second term on the right-hand-side of

Eq. (11).

It is important to note that in Eq. (13), we integrate the projection intensity over l E (-oo, oc)

for a given _-orientation of detectors. P-projection intensities are defined by Eq. (11) for a given

x0 value. Now, following RL, we can write Eq. (14) as

2_r oo

f(r, _) ffi f f IRIF(R,_) exp[-2_riRrcos(_-_)]dRd_ (15)
0 0

If we define a new h-function

OO

h(l;4_) = f IRIF(R,4_) exp(-2_riRl)dR (16)
.-.OO

=



_t _l.llt+2

• Fig.5 Nomenclature for angular tomography algorithm.
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Then, Eq. (15) becomes

ff

f(r, @) -- fh[rcos(_-_),@]d_ (17)
0

FourierinversionofEq. (13)is

co

P(l,_b) ffi f F(R,_)exp(-2_iRl)dR (18)
-moo

Note that the Fourier transform of P(I,_#) is F(R, _), and the Fourier transform of h(I,_) is IRI

F(R,_). Therefore,

[FT ofh(l,.)]m [FT ofP(l,*)]× [FT ofq(1)] (19)

iflR1 istheFouriertransformofq(1),suchas

co

IRI = f q(l) exp(2_iRl)dl (20)
-.oO

Now, if we use the convolution relation of the Fourier transform, we write

OO

h(l,@)ffif P(I',_)q(l-l')dl' (21)
--'OO o

This means that we have to know the explicit form of the q-function to evaluate h-functions. The

inverse Fourier transform of Eq. (20) is

oo

q(l)- J'lRI exp(-2,iRl)dR (2 °)
moo

or, if we write the integral over a finite range of - ,-_

A
2

q(l) _(1)= f IRIexp(-2xiRl)dR (23)
2

We can evaluate this integral explicitly, if we assume that I _ma where m is either a positive or a

,li_ , J , ,
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negative integer, and "a" is the distance between discrete measurements (a ----A 1). Eq. (23) can be

evaluated to get

1
for m- 0

4a2

q(ma) - -1 for odd m (24)
_r2m2a2

0 for even m

We can rewrite Eq. (21) as

oo

h(na, 4_) - a E P(ma,_)q[(m-n)a] (25)

or

h(oa°l.P na._± P[IoJla;'] I2014a a_ _j,odd

which is to be used in calculating f(r, _)

ff N [ 1

f(r, ql) ffi f(jr0,kql0) - -- _ h {jr0 ]cos(k_0-t4)0)l t4_0j (27)
N tml P

2.2.2 Application of Convolution Technique for Angular Tomography

After a long algebraic procedure (Menguc, 1988), we can use the expressions for computed
m

tomography given above to obtain the _-function which carries information about both the extinc-

tion and scattering coefficients and the phase function. For tomographic reconstruction of angular

transmission/scattering data, we try to obtain the _ function of Eq. (4). The modified form of the

expressions read as

f ffi_ ffi_ + _" (2s)

/

.T•
= _6(AS)_s ; "y(x0,_) ffi -ln[¢(xo)p(x0,_)_-] (._9)

and
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_ if s _> -So8" ffi /_dy/ds if s < -So
(30)

Once the f-function is determined, _ and _/functions can be evaluated numerically, which will

lead to scattering coefficient and phase function. A simple approximation for the phase function

will be discussed in Section 2.4.

2.3 Inverse Monte Carlo Teehn|que for Plane-Ps_allel Medla

In addition to tomographic reconstruction technique, we also attempted to develop an inverse

Monte-Carlo technique for determining the radiative properties of plane-parallel or axisymmetric

cylindrical media. This technique will be extended to cylindrical geometry, and also it will be used

to evaluate the other inverse schemes for a given geometry. Here, we do not give any mathemati-

cal details of the technique, and only present two tabular comparisons of results to show its appli-

cability. More results will be presented in the next report.

In Table 1, the exact and predicted single scattering albedo values are compared for a single-

layer, uniform plane-parallel medium, lt is assumed that the scattering is isotropic. This is how-

ever, not a very restrictive approximation, because scaling of phase function using a delta-

Eddington phase function would yield the same form of the equations. The inversion scheme is

based on the measurements of transmission and reflection of incident light beam by the layer.

(Note that, in tables, reflection is referred to as "albedo"). In this case, we assume that either

10,000 or 20,000 photons are emitted from the light source, and upto eight internal scattering in

the medium is accounted for. As seen from the comparisons given, the inverse Monte-Carlo model

is capable of predicting the exact single scattering albedo value of 0.8 within 10°_ error margin.

In Table 2, we compared the exact and predicted single scattering albedo values of each layer

of a medium comprised of two uniform layers. We can extend the number of layers to any finite

value to model property variations in a planar medium, although the computer time required will

be excessive. Here, we assume that 40,000 photons are emitted from the light source, and we

account for upto 10 internal scattering. Comparisons against the exact _ values (given in brackets)
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Table 1 Inverse Monte Carlo predictions of single scattering albedo
(omega) for a single, uniform layer cloud. (Exact values are
shown in brackets).

A^^^A^^A^^^AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA^AA^^

FOR THE VALUE OF ALBEDO 0.2802
TRANSMISSION 0.4162

NO. OF PARTICLES I0000
MAX. SCATTERS 8

AAAAA^AAAA^A^_AAAA^AAA^AAAAAAA_AAAA_AAAAAAA^m^^A^A

RUN SEED OMEGA OMEGA PARTICLES
ALBEDO TRANSM ESCAPING

I 12345 0.8042 0.8001 9577

2 23456 0.8048 0.8095 9602

3 34567 0.8105 0.8101 9567

4 45678 0.8112 0.8007 9599

5 56789 0.8049 0.8042 9635

(0.8) (0.8)

^A^^^^^AA^^^^^ ^^A^AA^A^^^^^^^^^_^A^^A_^^AAA^A^_AA_

FOR THE VALUE OF ALBEDO 0.2802
TRANSMISSION 0.4162

NO. OF PARTICLES 20000
MAX. SCATTERS 8

A^^AAAAA_AmA_^^_AAAAAAAAA_AAAAAAAAAA_A_A_AmAAAAm

RUN SEED OMEGA OMEGA PARTICLES
ALBEDO TRANSM ESCAPING

1 12345 0.8002 0.7999 19688

2 23456 0.8014 0.8009 19700

3 34567 0.8028 0.8014 19668

4 45678 9.8087 0.7962 19692

5 56789 0._018 0._048 19693

(0.8) (0.8)
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show that, the agreement is very good for ali four configurations considered. If we take the average

of five or more predictions obtained with different seeds (random numbers) the accuracy would be

improved even further. In general, using the Monte Carlo technique, we can predict single scatter-

ing albedo within 10°_ accuracy, for both single or multiple layer geometries. The model is also

capable of reconstructing the albedo-phase function profile if the data are obtained at several

oblique angles. In order to use with these type inversion schemes, we proposed a new step-

Eddington phase function approximation, which is discussed in the next section.

2.4 Scattering Phase Funct!on Approximations

lt is very well known that coal particles scatter light highly anisotropically (Viskanta and

Menguc, 1987). In order to model the radiative heat transfer in coal-fired systems, the scattering

phase function is to be modeled accurately, lt is usually difficult to consider the phase function

obtained from the Lorenz-Mie theory, and it is preferable to expand it in a series in terms of

Legendre polynomials. For highly forward scattering particles, however, it is not uncommon to

require more than 100 terms in the series to express the phase function. Because of this, we need to

introduce some approximations to the phase function, and these approximate models should be

compatible with the solution models of the radiative transfer equation.

For the solution of the inverse radiation problem, we also need simple expressions of the phase

function. Otherwise, the governing equations from _hich we are required to obtain the radiative

properties become too cumbersome.

The scattering phase function can be written as

N

where

---L--I f Cx(O)P,(e)dfl (32)
a_,x= 2n+l _

Here, O is the scattering angle, that is the magic between the incident beam and the scattered
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beam. lt is also possible to simplify the phase function by using a Dirac-delta function approxima-

tion (Croabie and Davidson, 1985)

,x(e)- 2r l-ce)) +(1-f),/ (33)
where

N

#x'(e) = _ a'.,,xP,,(e) (z4)
a=,0

Here, 4_x is the normalized phase function with the forward peak removed, and 6 is the Dirac-delta

function. It was shown by Crosbie and Davidson (1985) that this functional representation is very

effective for large water droplets (x> 100) except in the forward scattering direction. However, it

is not possible to use this expression to obtain the phase function from experiments, because of the

delta-function.

Recently, we developed a step-Eddingt<,n phase function approximation to use along with

experiments.

4_._ - 211-1(cose-co6Ae)+ (l-f')l_ Al'Pl(cosO) (_5)

where, H is the Heavyside function, and AO is the angular step in the forward direction. This

approximation h_s been used first ¢i:ne and the details will be given in an upcoming paper (to be

submitted to Applied Optics, Menguc and Subramaniam, 1988).

In Figs. 6 and 7, the reconstructed delta-Eddington and step-Eddington phase functions are

compared against the "exact" results obtained from the Loren=-Mie theory. Two different complex

index of tel"faction used in these results, i.e., in Fig.6 n--1.85-i0.04, and in Fig.7 n-1.80-i0.04, lt is

assumed that the scattering of CO_-laser (X - 10.6 tJm) by the w,dium is recorded at 10 angles,

and there is a random 4- 10% experimental error at ali angles, except the forward direction, at

which error is 25%. In general, good agreement is observed between the predictions and the true

, values. The step-Eddington approximation was capable of predicting the forward peak accurately;

however, neither of the models could follow the fluctuations observed in true phase function. This

is not a significant drawback for practical applications, where a size distribution of particles is to
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be used,and becauseof thismost fluctuationswillbe smoothed out.Inorderto testtheeffectof a

sizedistributionon results,the step-Eddingtonapproximationisobtained usingthe "numerical"

measurements of an arbitraryphase functionat 10 angles.The testphase functioniscalculated

from theLorenz-Mietheoryforan equal-weightsizedistributionof particlesofdiameter20-35pm

at X-10.6/Jm (CO2-1aserwavelength).The comparison of the trueand predictedstep-Eddington

phase functionsare depictedin Fig.8. lt isclearthat agreement here isgood and the simple

approximationlookspromisingforfutureapplicationtocoal-flameexperiments.

3 EXPERIMENTAL STUDIES

As we mentioned earlier,determiningthe localradiativepropertiesofa medium by solvingthe

inverseradiationproblem requiressome knowledgeabout thescatteringoflightby the medium. In

thissection,we willreviewsome of the experimentsin scatteringof lightand discusshow they
.

co,_,_dbe usefulto the problem under consideration.In most of the experimentsdiscussedbelow,

laserradiationisusedastheincidentlight.

3.1 Experiments in Liuht Scattering- A Literature Review

An earlyeffortin thisfieldisthatofAtkins(1965).He used injectionmolded solidplasticdisks

about 4 cm indiameterand I mm thickforhisscatteringmedium. He found thatforsmallvalues

of opticalthicknessthe problem becomes two dimensionalbecauseradiationgetsscatteredout

from the edgesof the disks.He obtainedgood comparisonbetween theoryand experimentifthe

dye absorptioncoefficientand themagnitudeof thescatteringpha_efunctionwere adjusted.

Hotteletal.(1968)demonstratedthe importanceofconsideringFresnelreflectionat theinter-

faceofa slabcontainingisotropicor anisotropicscatterers.They showed thatinterfacereflection

causesa significantdecreaseinthe magnitudeof both reflectanceand transmittanceand a marked

alterationinthe angulardistributionofthe energyreflectedand transmittedby theslab.

Sarofimetal.(1968)studiedthe angulardistributionofscatIt.redradiationby 3.49pm polyvi-

nyl toluenespherescloselypacked ina monolayer. The sizeparameterwas variedby changingthe
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wavelength, and the experiments performed showed that intensities within the range of angles in

which the diffraction pattern provides the major contribution tA) scatter (0-20 °) are considerably

lower than that calculated by theory.

Hottel et al. (1970) examined the validity of the assumption about neglecting polarization

effects when dealing with the solution of the transport equation for scattering media. Their exper-

iment_ showed that radiative properties of the uniformly distributed particles in suspension may

be calculated with confidence from the Lorenz-Mie theory. They also found that polarization

effects could be neglected.

In another work, Hottel et al. (1971) derived a correlation for the effect of interparticle spacing

on the scattering cross section for monodisperse matrix-suspended pigment particles. The particles

were spheres of diameter from 0.102 to 0.530 /Jm, and they were non-absorbing with effective

refractive index of 1.20. The correlation they derived .shows that for pigment suspensions that can

be described as an assembly of Mie scatterers the optical properties can be calculated from pure

theory with no empirical constants.

Querfield et al. (1972) measured bidirectional transmission of uniform polystyrene latex

spheres in distilled water. They investigated a polystyrene latex of narrow size distribution and of

the average diameter 0.245/Jm. The incidence of the radiation was varied from 0 to 36.0 ° from

the normal. The experiments compared well with theory and, in fact, the experimental arrange-

ment can serve as an analog computer for other systems for which the theory is too complex for

machine calculations.

Margolis et al. (1972) studied the reflection in ghe normal direction by uniform polystyrene

latex spheres (n- 1.1943) in distilled water. The measurements were made in the multiple scatter-

ing regime of the diffuse reflectivity as a function of single scattering albedo. The experimental

methods and techniques used by the authors provide a sensitive way of measuring small but not

negligible particle absorption. Particles of diameter 1.10/Jm and 0.109 pm were used.

Granatstein et sl. (1972) performed a controlled laboratory experiment to study the reflectance

of turbid water as a function of the absorber and scatterer concentrations. Laser light was incident
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on water containing two types of materials, one that scatters light (teflon particles) and one that

absorbs light (black dye). The size of the particles was in the Mie theory region (0.264 _ x

2.64), and the experiments agreed closely with appropriate solutions from the radiative transport

equation.

Howard and Novotny (1974) used (probably for the first time) polydispersed, nonspherical

titanium-dioxide particles in glycerol. They studied the bidirectional reflection of the particles of

size parameter equal to 1.75 and 2.33 . Their results agreed closely with those obtained from

theory.

Leader and Dalton (1975) performed a series of experiments to determine the effects of changes

in single scattering albedo and optical thickness of a scattering medium of latex spheres (xffi0.54

and n-1.194) on the measured scattering cross section and its angular distribution. The experi-

ments compared well with theory for optical thicknesses of 1.0 and 10.0, but discrepancies were

observed for optical thickness of 0.1.

Janzen's work (1980) confronts the question regarding the choice of the diameter for an opti-

cally equivalent sphere in the case of irregularly shaped particles. He used carbon blacks of various

types ( 1.72 _ n __ 2.13 ; 0.16 _ x __ 3.0 ) and showed that despite serious nonsphericity of the

particle entities involved, observed extinction spectra for dilute carbon black sols are fitted pre-

cisely by the Mie theory for ensembles of spheres. These spheres must be quite nearly volume

equivalent to the actual colloidal carbon units.

Incropera et al. (1981) studied the directional and spatial distributions of the spectral radiation

in a difftmely radiated aqueous medium. The medium was characterized by an extinction coefficient

of 0.089 cm -l. and albedo of 0.72. A plexiglas tank was used as an experimental cell, and 12 150-

W flood lamps were used as light sources. The results obtained from the experiments compared

favorably with the solutions obtained using the discrete ordinates and three flux methods.

The attenuation constant of a coherent field in a dense distribution of particles was measured

by Ishimaru and Kuga (1982). They studied the effect of the pair-correlated distribution of scatter-

ers on the propagation characteristics of the coherent field. They showed that for particle density
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greater than about 0.1 o_, the attenuation constant departs markedly from the formula based on

an uncorrelated scattering assumption, lt decreases sharply when x _ 1 and shows a slight increase

when x>> 1. They assumed an effective diameter in the particle diameter for the particle distribu-

tion that gave the value of the ratio of measured to the experimental value of the attenuation con-

stant to be unity.

Look et al. (1981) studied the anisotropic scattering from a semi-infinite medium exposed to a

laser beam. A suspension of latex particles (0.26<_x<25) was used as the medium. The laser beam

was incident normal to the purely scattering medium and the back scattered radiation was

predicted as a function of the distance from the beam. The experiments showed that the influence

of anisotropic scattering shifts the maximum of the radial distribution of the scattered intensity to

larger optical radii as the particle size increases.

Brewster and Tien (1982) examined the radiative transfer in packed fluidized beds. They used

11.0/zm diameter latex particles and a He-Ne laser as the light source. Their experiments showed

that interparticle spacing measured in terms of the wavelength is the most critical parameter to

gauge the importance of dependent scattering and that high particle concentration alone is no

indication that scattering is dependent.

Craig and Incropera (1984) have made radiation measurements in highly scattering and

absorbing aqueous suspensions. They used India ink particles (0.02 /Jm-0.06 /Jm) and powdered

talc particles (15-40 pm). The probes used in the experiment determined the vertical and direc-

tional distributions of the radiance as well as the vertical distribution of the downward flux. The

experiments revealed the effect of the suspension opacity, scattering albedo and bottom reflectivity

on the radiation field.

Nelson et al. (1986) extended the results obtained by Look et al. (1981) to the optically thick

region. They showed that the back scattered radiation in optically thick media is very sensitive to

changes in the scattering albedo, especially when the albedo is close to 1 .

Tien et al. (1986) worked on the same apparatus as Brewster and Tien (1982) and studied the

dependent scattering by particles. They used plane parallel cells containing latex spheres of 0.08,
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2, and 11 /Jm diameter dispersed in an air or water matrix. They found that close packed 2 pm

particles did not show dependent scattering. For the 0.08 pm particles, the scattering efflciencies

decrease as volume fraction increases.

Kamiuto and Iwamoto (1987) developed a method to study the combined conductive and radia-

tive heat transfer through a glass particle layer. The mean diameter of the soda-lime-silica glass

particles was taken as 0.00167 m. They determined the temperature profiles and heat transfer

characteristics of the particle layer.

A method for measuring the radiative properties of a fibrous porous medium was developed by

Kurosaki et al. (1987). They used the apparent emissivity of the porous medium and the inverse

method to determine properties such as the extinction coefficient, the scattering albedo, and the

back scattering fraction factor. The values found for commercial glass agreed well with earlier

experimental values available in the literature.

Lately, Boothroyd et al. (1987) made measurements of the light scattering phase functions and

asymmetry factors for a sample of fly ash particles. The average size parameter was close to 33.

Their results showed that fly ash can be treated as spherical particles under furnace conditions

where they are well dispersed.

These experiments are compared tabularly for easy cross-reference.

3.2 Pulverlzed-Coal Flow Experiments

Our main goal is to determine the radiative properties of coal particles as they sre. lt means

that ali surface irregularities, size distribution effects, and complex index of refraction uncertain-

ties should be buried in the effective models we are developing. In order to adopt an experimental

strategy to serve this purpose best, we divide the experiments in two categories:

i) Simple non-flame experiments;

ii) Flame experiments.
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EXPERINENTS IU RAOIATIOU

Year Reference Scattering I_dt um Property Character Paramters Najar

Neasurad of Nedl _lt |avast t gated F| ridings

1961 OezeLIc and Untfom polystyrene Transmission, 1.1_;P<n<l.214 t,P(e), Nle theory can be applied
Kret_vtt Latex spheres in PoLarization 0.48<x<9.09 x appLied to the Light

distiLLed uater ratio, scattering of Latex part-

d|ssymmtry, Ictes. lleasursments give

angular d|iters tower than those

scattering frm electron microscopy.

1964 iWkxx:hmrd Uniform polystyrene AnguLar nrel.2 x,r The Hartet mJLttpte
Latex spheres in dis- scattered x=22.2,16.5 scattering theory is

ti Lied water intensity verified experimental ty

using fairly high concen-

tration of spherical Latex

particles.

1965 Atktns Potydispersed rutile Transmission _ = 1.54 • ,u Good c_q:erison betueeno
titanium dioxide spheres and n " 1.87 theory lind experiment

and dye in plastic discs Reflection if dye absorption and
smgnirude of

scattering phase

function adjusted.

1%5 Kretohvtt Unifom polystyrene AbsoLute rwl.l_) I_ and PoLarization effects are

and Latex spheres tf_ anllutar xe8 to 12 effect not |mportant.
Ssmrt distiLLed uter scattered of solid RefLections frm cell uall "

intensity angle ut be accounted for.

1965 Smart, PoLystyrene Latex Nutttpte nm1.194 #,•,x Experlsmntat results for

Jacobsen, spheres scattering x=7.35;9.2 muLtipLe scattering

Kerker, smtched ctesety with those
Kretohvt t obtained frm the Hertel

& I_tl jevic theory.

1968 Seroftm, Uniform poLyvinyL Bidirectional 9.56<x_25.16 O,p*,x Pertlctes can be treated

Hottet and toluene spheres painted tranmtsston 1.56<n¢1.61 es Mis scatterers except
Fahtalan on a glass slide in a 20" cone in

the di ract i on of

fm-tmrd scattering.

1970 I_ttet, Unlfom polystyrene Latex Iltdlrscttonat 0.815<x<5.12 e,p*,x Fm" ctesrance )0.] x,
Sarofln, spheres in distiLLed bmter, trenmtsston n =1.19-1.20; • ei_te scattering

Vuates & 0.106 and 0.530 _a and reflection 0.e2S(,_3000 o properties can be used

DaLzett fm" muLtipLe scattering.
I_tertzatlon effects can

can be neglected.
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Year leference Scattering Nedi ua Property Character Permters lM|or

Measured of Nedt ua Invest Ipted Findings

1971 Saroftin, Uniform polystyrene Latex Bidirectional x=1.90;2.38 #,x,r Ge,xi cmlpenstono
Vesetos anl spheres in distiLLed water tronsmiaaton r_1.20 _ between theory &

deJe and reflection O.EO<_o<2.0 exl_r|lmMlt obtained

by edjust|ng scattering

particle diameter.

1971 Itottet, Untfom polystyrene Latex Bidirectional 0.76&<x<3.05 #,x,_ A correlation is giveno
Serof4m, spheres in distiLLed water transmission 1.14<n<1.20 to eccamodate the

OaLzett & amd refLect|on 0.01<_o<3211 variation in effective

Vesatos scattering cross sections

of close packed med|a
for clearance >0.3_

aecl )0._1.

1972 Cluerftetd, Uniform polystyrene Latex Bidirectional x=1.875;2.3_8 #,pe,x Experimental arrangement

Kerker & spheres in distiLLed uater transmission r_1.194 _ cam be used a en
o

Kretohv| t 0.245 _m 0.05<_o<1.2 analog ccxq=uter for

systems for wht ch

theory is intractable.

1972 Nargotis, Uniform polystyrene Latex leftection tn x=1.09;11.03 X,_o,_ TechnicpJe to
NcCteese aHncl spheres in al|stiLLed water normal r_,1.194 study behavior of

Hunt direction cloudy planetary

atmospheres.

1972 Grntstetn, Potydtaperaed teflon RefLection at O.26&<x<2.64 u Successful theoretical

Rhtnewtne, spheres in distiLLed tt=24 cleg for ml.89+t.0002 model for lautttpte

Lav|na, water #tm24 cleg scattering of Light

Feinste|n, by • turbid medium.

Plazurouski ii

P|ech

1974 Ho_rd & Potydlapersed non- Bidirectional x-'1.75;2.33 t,_ Ilid_irsctleruit
o

Movotny spherical titanium- reflection n_1.90;2.03 reftectamce for

dioxide Ix|rttctes titanium dioxide

|n gLyceroL particles.

1975 Colby, Un|fea polystyrene Angular rw1.199 x,_ Deviations from Hie

Narclucct, Latex spheres tn Irred|amce x=2.06,3.18, pottern |s obtained

lh._mt distiLLed uater distribution §.24 for dense suspensions.

& Deer end |rrlKlimnce Relaxation tim for

correlation iJttlpte scattering
function much ommLter than that

cd}ts|ned from single

lH:attiring model.

1975 Leader & Untfom polystyrene RefLection at x-O.S4 v Good caparison of

DaLton Latex spheres in II-E0 dog for r_l.19& theory vlth experiment

distitted Mater O|m3S dog for re1.0 lind 10.0. Dis-

crllpencles for r-0.1.
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fear Reference Scattering Nedt um Property Character Parameters Na jar

Neeaured of Ned| tel Invest | gated Findings

/i

1976 P|nnlck, Honephertcat particLes AnguLar r_1.54;1.49 O,p For x<5 results match

CarotL of _dtum chloride and Icettering 3<x<10 Hie theory but for x>5

& Iklfllnn patios|urn luLfite the Light Intensity ts
Imre In the forward

l¢lttering lobe Mid Less

at other angles as

campered to vaLues from

N I • theory.

1978 Look, Latex paint in dist|tLed Scattered N|xture of r The intensity Leaving

NeLson, water intensity Latex, titanium the mdla cii be

Crolbie dioxide end expressed as • function

& Oougherty plilllent of the optical radius.

1980 Jenzen Carbon bLecks O|menltontell 1.72sns2.13 _,c Extinction Ipectra for

Optical 0.16sxs3 dilute carbon black soLs

Density ore fitted prKiseLy by

Slm:tri Hie theory for enlembLes

of II_ere.

1981 lncropera, River Water O|recttonaL v s0.72 t,r re(xx_ comparison/

Wagner & spit|sL D_uO.O89/cm of expertlmnteL
& Hour distribut|on mutts with

of the Ipectrat thole obta|ned from
red| at Ion dlecrete ordi nante

and three fLux

mthocb.

1981 llhtlmru & Latex II_erel in Attenuation 0.5_<x<82.80 fv,c Attenuation conltant

KugQ _mter aoLut|on constiit of a r_1.17 to 1.19 dscreues IharpLy _hen

coherent field x<l and increases

sLightLy uhii x))l.

1981 Look, NeLson Latex particles in a Beck 0.1<_ <10 O,r lnfLuince of

& Crolb|e miter solution scattered 0.26<0<25 o tnleotropic aCiltterirtg

rldtat|on nj1.20 Ihifts the mtmJm of the

radiaL distribution of

li:littered Interlity to

Larger optical red|i es

the particLe size

fncresees.

1982 Ilrevlter lulpeflim of Latex Trami|ttiice f ,d).01-0.7 inter-lmrt|cLev
& Tlen particles and I,c/_ qmCll_ Imesured

ItefLectiice (cLole picked) In imvlLenoths te the

nmet critical parameter

to _ Illx)rtlrl:e of

4/pehdmt scattering.
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Year Reference Scattering Pied|um Property Character Parameters Najar
Nesaured of Nedtum invest tgat_l Findings

1984 Incropera Aqueous a,JSpenston of Intensity & lnk:O.02-O.06_ e,z The effect of the

& Craig India ink and FLux 0<0.20 IJtlpens|ort capec|ty,

powdered talc T;tc:15.40_ albedo airtdbottom
_0.80 refLect|on on the

1;c<15 radiaL|on field.
m, m

1986 NeLson, Look Latex pert,ctes ins ,ack 0.3<x,2.31 ;_;; Back scattered& Cro6ble water solution scattered r_1.195 radiation in opticaLLy
radiation thick media is very

mtt|ve to changes

in u, Nhan v is near 1.

19_ Tlan, Yiado Potydtvtnytbenzane spheres Oqperv:lent xs0.529,14.4 f ,e CLosed packedv
& Cert|gny PoLyvtWttotuene " scattering 79.3 : 2_m particles d|dn't

PoLystyrene sphere efftctanctes, n81.19 show dependent
in mir/water Bidirectional scattering. For 0.08

RefLectance & particles dependent
Trammeltrance scattering efftc|enc|es

decrease Is volume

fraction increases.

1987 Kits|uto & GLass particles Temperature man die. u,g AnaLyticaL smthod is

tulOtO (spheres) profiles, 1.67x10 "3 m useful to predict the

end Ilo. deflSjty 1 temperature prof _t es

©onduct|vtty 231.SxlO./m 3 end heat transfer

Q J

226.2xl 06lm character i st t cs

of m Layer of glass

particles.

-3

1987 Kuresaki Fibre GLass Apparemt L81.05_10 lt v,D,b Nothod rasing mrerlt

Take-uch|, (pLane porous emissivity w(kg/la )B2 OlmtlltV|ty Of m
Kashtwagt, medium) 3.0 x 10 porous radium end
i Ym d(lam)-15.5 inverse method II useful

fvuO.0112 to dotemtrm radiative

proTJert| es of m

fibrous porous medium.

1987 Boothroyd, FLy uh particles Intecm|ty n=1.5-10.012 P(#) FLy ach can be

Jones, x - 33 treated ms 8_er|catman
Iltchotacn, & particles under furnace

conditions.



Year Reference Scattering lqKllUR Property Character Parameters hjor
Neasured of 144K:11_lt |rtveot looted f |lid| rigs

1987 Oroten, Latex particles in Dependent x=0.0205 f Var|fled the criterionv
Ktalmr & Tlen a v,iter solution scattering f mO.O01to of f nO.O0_ for X<0.6

cross sections 0v12 es eVtover Limit for

dopofldqmtscattering.

1987 NeLson Unifom polystyrene Tri_nission ns1.19& r The orlteotropic

& httsh Latex spheres in of Loser beam x=3.18 scattering data
distt t Led water through o correlates vith

multiple ecattering theory
scattering for optical thicknesses
medium of 2.0-10.0.

1988 ChyLek, Compos|te spheres Differential nu;_w P(e),n The exper|ments provide
Sr|restore, of acrylic and voter scattering I n,x I - 0.32 ii test to various
Pinn|ck cross section ex|sttng and future
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Our current focus is on the simple non-flame experiments, which would give us an idea about

our potential and accuracy in determining the radiative properties of coal particles without being

affected by the hostile flame environment. For this, we decided to design an experimental test cell

in which we can suspend coal p_rticles of known rank, size, and size-distribution.

The short term goal of this experiment is to use transmission measurements at five different

wavelengths to calculate the extinction efficiency of s _,e dimensional coal stream for different size

distrib,ltions of coal particles.

3.2.1 Coal Test Cell Apparatus

Initially, our tests are focused upon working with _ non-flame environment. A coal test cell

was designed to create a near uniform flow of coal particles operating on the basis of gravity. A

schematic of the coal te_t cell is shown in Fig. 9. lt consists of a cylindrical section on top with a

conical type section connected underneath. Coal is fed into the coal test cell by mean¢ of a fluid-

ized bed coal feeder. As the flow of coal is started, it is fed upward into the cylindrical section o_

the coal t,_t cell along with sn extra flow of air. A "fountain-type" flow is created in the top of

the test cell reducing the effect of & parabolic velocity profile. The additional air serves to distri-

bute the coal in a more uniform flow field. As the air/coal mixture reaches the bottom of the

cylindrical test secti¢n, it flows through an initial section of smoothing screens. This section con-

rains a conical funnel above two screens of five openings per centimeter each. The funnel is neces-

sary to l_revent the accumulation of com particles on the bottom cap of the cylindrical test section.

Once the particles had accumulated, they tended to fall in irregular patterns causing the flow field

be Nonuniform. Also, a mechanical vibrator was mounted on the side of the cylindrical test sec-

tion just above the bottom cap. Figures of the voltage output operating with and without the

vibrator show a significant difference in uniformity of the flow field.

At the exit of the cylindrical test section, _,he coal/air mixture enters into a conical type test

section. The purpose of this design is to create a one dimensional flow field with a small optical

p_th length (width) through the coal stream. Two smoothing screens of four openings per cent im-

e_ _ach are located twei, ty and tw,:lve centimeters from the bottom of the test section. Two

_
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opposing air jets are located one centimeter below the last smoothing screen. This air flow serves

to separate any particles that may have agglomerated in the flow field. At the bottom of the test

section, there are front and rear extensions which decrease the optical path length of the one

dimensiona_ coal stream. A sliding coal gate is mounted on the bottom of the test cell. This pro-

vides a means of deflecting the coal stream around the radiation source beam so that the fluidized

coal feeder can operate continuously throughout an experiment. A vacuum system is used to col-

lect the coal once it passes through the test cell. The collected coal is stored for future

reclassification.

8.2.2 Optical and Detection System

An infrared blackbody source, operating at 1273 K, is being used to project a narrow beam of

broad-band radiation across a line of sight passing through the one dimensional coal stream just

underneath the coal test cell. A schematic of the optical arrangement appears in Fig. 10. The

beam is passed through a chopper, operating at a certain frequency which maximizes the detector

signal and through two consecutive aperture stops of four millimeters each. The beam is focused

onto the thin coal stream with a combination of a plane mirror and a spherical mirror having a

focal length of 18.5 centimeters. The two aperture stops restrict the solid angle of the source beam

to approximately 0.00034 sr.

The transmitted source beam is then refocused onto a detector using a combination of one

spherical mirror and two plane mirrors, the prior having a focal length of approximately 15 cen-

timeters. The optical thickness of the one dimensional coal stream was sufficiently small so that

acceptance into the line-of-sight of forward-scattered radiation can be considered negligible. Each

of the five detectors used received sequential information by rotating one of the plane mirrors with

a gearing system. This provided for very accurate positioning of the source beam.

A similar four-wavelength pyrometer has been used to measure particle and gas temperatures

in one-dimensional, pulverized coal/oxidizer flames stabilized on a specially designed, flat-flame

burner (Mackowski, 1986). Five infrared detectors, each coated with a narrow band interference

filter, are being used at wavelengths of 0.8, 1.0, 2.3, 2.7, and 3.8 pm. Silicon detectors are used for
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0.8 and 1.0 pm (Infrared Industries (IRl) model I000), lead sulfide detectors for 2.3 and 2.7 pm

(IRl 2600), and a lead selenide detector for 3.8 pm (IRI 5600). The lead sulfide and lead selenide

detectors are thermoelectrically cooled for enhanced sensitivity. A lead selenide detector for 4.4

pm (IRI 5600) will be utilized later in the flame experiments. The 4.4 pm detector is within the

fundamental CO 2 vibration band, along with the 2.7 pm detector which is sensitive to water vapor

radiation, is used to measure the combined gas/particle cloud transmission. Knowledge of the

particle cloud properties from the particle wavelength measurements of the other detectors allows

the calculation of the gas temperature from the data measured at 2.7 and 4.4 pm.

The electrical signals generated by the detectors are linear to the radiant intensity of the black-

body source. They are fed into a signal amplifier and then into a 14 channel analog tape

recorder/reproducer (Kyowa RTP-600) where they can be recorded for later analysis. The voltage

output from the tape deck is amplified to a range of 500 to 1500 mV, depending upon the detector

sensitivity. The output from the tape deck is directed into a lock-in amplifier which is referenced

to the chopper frequency, thus magnifying the signal-to-noise ratio.

A data acquisition system utilizing a 12 bit analog-to-digital converter (Data Translation

Model DT-2801) installed in an IBM PC-XT is used to measure the signal from the lock-in

amplifier. Simultaneous data sampling and averaging is controlled by a BASIC/8088 assembly

code routine.

3.2.8 Experranental Procedure

To begin an experimental test run, the coal mass flow rate is adjusted to the desired level, lt is

monitored throughout the experiment on a strip chart recorder which provides a way of checking

the consistency of the flow rate and also serves as a "hard-copy" output. Ali volumetric air flow

rates and pressures are documented.

The source beam is directed onto the 0.8/Jm detector and a measurement of the radiant inten-

sity without the presence of a coal stream (Vo) is made by deflecting it with the sliding coal gate.

Next, a measurement of the radiant intensity is vaade with the coal stream (V,) by removing the

coal slide gate. The time period for measurement of V o and Vt is approximately 20 and 180
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seconds, respectively. The source beam is then redirected onto the next detector and the measure-

ment procedure is repeated. This method provides an accurate transmission measurement for each

wavelength.

In Fig.ll, the voltage readings for a typical experiment for different wavelengths are shown.

The first part of the readings correspond to readings when there are no coal particles; the latter,

lower values are for transmission through the pulverized-coal stream. The experimental data are

very stable, as seen from these figures. Also, we average the readings over 2 to 3 minutes, to avoid

the adverse effects of possible stray data points. The data reduction for these experiments are dis-

cussed in the next section.

3.2.4 Data Reduction

Because of the linearity of the detector output voltage with respect to radiant intensity, the

transmissivity of the coal stream along the line-of-sight is given by TffiVt/Vo, where V t and Vo are

the detector voltages measured with and without the coal stream present, respectively.

The transmissivity is related to the optical thickness (/_) by the relation,

T--exp(-/TL) (36)

where /_ is the extinction coefllcient (l/m), and L is the optical path length through coal stream

(m) The extinction coefficient, neglecting the effect of the size distribution, is given by the follow-

ing equation:

3 f= ,/Dp (37)

where, Qe is extinction effciency factor, fv is particle volume fraction, and Dp is effective spherical

particle diameter.

The extinction efficiency is a function of the sige parameter, which is given by x - _rI)p/Xwhere

X is the particular wavelength. If the size parameter is greater than ten, then we can assume that

the extinction efficiency is close to 2. Therefore, from an experimental knowledge of the extinction

coefficient and the volume fraction, the mean diameter of the coal particles can be calculated.

This calculated diameter is then compared to the actual mean diameter of the given size
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Table 3 Effective diameter predictions based on simple
analytical relation. Q is assumed to equal to 2.e

fv is calculated independently.

Run 11 - 9/23188
_.__

0.8 microns 1.0 microns 2.3 microns 2.7 microns 3.B microns

.... _rq_,_ ..... -t_q_ ..... I_rl@_ .... _ ......... _ ....
T : 0.934 0.942 0.946 0.946 0.940

: 0.0684 0.0592 0.0558 0.0554 0.062C)
_ 17.10 /m 14.81 /m 13.96 /m 13.85 /m 15.49 /m

Fv: 0.274E-03 0.231E-03 0.214E-03 0.197E-03 0.188E-03

D : 48 pm 47 pm 46 pm 43 pm 36 pm

Run #2 - 9/23/88

0.8 microns 1.0 microns 2.3 microns 2.7 microns 3.8 microns

T : 0.934 0.924 0.902 0.889 0.823
: 0.0684 0.0785 0.1028 0.1172 0.1945
Z 17.10 /m 19.63 /m 25.71 /m 29.30 /m 48.6q /m

Fv; 0.281E-03 0.277E-03 0.296E-03 0,300E-03 0.286E-03

D : 49 pm 42 pm 35 _m 31 _m 18 pm

Run #3 - 9/23/B8

0.8 microns 1.0 microns 2.3 microns 2.7 microns 3.8 microns
.... dal.3. ....... _ ....... _ ...... _4- ....... -_---

T : 0.921 0.927 0.905 0.917 0.919
T | O. OB 19 O. 0754 O. 1002 O. 0863 O. 0846
fi I 20.47 /m 18,84 /m 25.04 lm 21.50 /m 21.14 /m
Fv : O. 274E-03 O. 274E-03 O. 277E-03 O. 274E-03 O. 26eE-03
D | 40 IJm 44 Vm 33 jJm 38 j_m 38 j_m
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distribution to check the accuracy of the experimental results. Once ali the errors are corrected,

the size distribution of the coal particles will be taken into consideration and the actual extinction

efficiency can be determined.

In Table 3, the calculated effective diameters of different particle clouds for three different

experimental conditions are shown. In general, the results are consistent. The main source of the

error here is the volume fraction of coal particles, because we could not obtain the exact value for

the air volume flow rate. Currently, modifications on the experimental cell are made to have more

reliable readings for air speed at the exit. On the other hand, it is important to note the spectral

trend observed in the results. If we can use the correct values of Dp in calculations, we can get

spectral extinction efficiency factor for the coal particles.

4 FUTURE WORK

In the near future, we will complete the preliminary work on the analytical models for the

inverse problem. Currently, we have two distinct objectives in this area. One of them is to

develop a one-dimensional inverse solution algorithm for homogeneous media. This algorithm will

be directly used to reduce the data obtained from no-flame experiments discussed before. Although

no details are given in this report, the formulation of this problem is completed, and computer

simulations have already been started. The second objective is to implement the formulation of

the angular tomography concept and then to evaluate its accuracy experimentally.

We started experiments on this project in May, 1988. In the first round of experiments, we

attempted to determine the radiative properties of latex particles and compare our predictions

against the available data. Later, we checked the possibility of using the new phase function

approximation in data reduction schemes. After that, we started working on one-dimensional

pulverized-coal flow experiments. Flame experiments will be started after we obtain extensive

data from cold-flow experiments. The third year of the project will be devoted to the development

of a data bank for the radiative properties of coal particles. This computerized data bank will list

the radiative properties of coal particles as functions of coal rank, size, size distribution,
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temperature, and will also give effective size and complex index of refraction that may be used to

obtain the required properties from the Lorenz-Mie theory.
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