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FOREWORD

This report summarizes analytical and experimental worg accomp- ‘
lished under Modification No. 7 to the Environmental Protection Agency's
Contract CPA 70-4, dated 20 April 1970. Submittal of this report 1is
in accordance with provisions of the referenced contract.

Technical direction and administration of the program by the
Environmental Protection Agency was provided initially by
Dr. Frederic C. Jaye, and later in the program, by Mr. Robert M. Statnick
The TRW Project Manager was Mr, B. J. Matthews. TRW staff engineer,
Mr. R. F. Kemp, was responsible for developing and demonstrating
the laser-illuminated synchronous detection system used at the Shawnee
Power Plant during field tests. Mathematical modeling of laser beam
scattering together with basic particle scattering measurements was
accomplished by Dr. L. 0. Heflinger of TRW's Systems Group Research
Staff. Dr. R. F. Wuerker of the Systems Group Research Staff developed
the holographic methods for recording both side and back scattering of
the pulsed ruby laser beam. The authors are also indebted to
Drs. Wuerker and Heflinger for the use of the TRW Chlorophyll dye cell
used in the successful demonstration of holography of side and back
scatter over extended distances.
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1. INTRODUCTION AND SUMMARY

1.1 BACKGROUND

This report summarizes recent developments in laser-illuminated
instrumentation for measurina particulate density distributions in an
operating coal-fired steam boiler. The development work, sponsored by
the Environmental Protection Agency (EPA), is part of an ongoing program
at TRW Systems Group to characterize limestone particle distributions
injected into a boiler to remove sulfur oxide from the combustion gases.
Field tests in this program were conducted at the Tennessee Valley
Authority's (TVA) Shawnee Power Plant where the full scale dry limestone
program is being evaluated on one of ten identical 140 megawatt boilers.

This report is the third in a series by TRW covering development
of laser instrumentation for particulate visualization and measurement.*
The previous studies are reported in References 1 and 2; however, a
brief review of the highlights of this past work is useful as an intro-
duction to the present investigation.

Initial work under this contract was concerned with applying single
beam (Gabor) pulsed ruby Taser holography to the recording of particulate
over extreme distances. Although this techniaue was not ultimately
used at the boiler, Gabor holography was extended into an area never
before explored; namely, recording distributed phenomena across distances
up to 50 feet.

Two-beam ruby Taser holography was successfully utilized at the
Shawnee Unit 10 boiler to record particulate clouds and obtain spatial
information as well as qualitative details of the Timestone clouds in
the presences of flyash backgrounds.! This was by the forward scattering
method. Subsequently, a three-beam scattered light holography technique
was devised to acquire quantitative particle number density data
directly from the reconstructed holographic areal real 1‘mage.2 Means
were also developed to holographically record ruby Taser back scatter by
particulate thus adding more flexibility to the basic technique. The
latter method, first described in Reference 2, was accomplished in a
preliminary manner and served as a basis for the present work.

Earlier work involving transmission holography of low angle forward
scattering by particulate in the Unit 10 boiler necessitated using two
directly opposed ports in the boiler walls. The absence of opposed ports
in the region of interest (elevation 376) precluded transmission studies.
It was desired, therefore, to investigate the feasibility of recording
lTaser back scatter through a single port, or recording side scatter by

* EPA Contract CPA 70-4



the use of a combination of two of the several existing ports at this
elevation. The objective of the present work then, was to determine
if limestone dust in the presence of a flyash background could be

recorded holographically via back or side scattering of a ruby Taser

beam.
1.2 SUMMARY OF PRESENT WORK

To investigate the feasibility of making holograms of side
(approximately 90 degree) or back scattering of a ruby lasgr beam3 a
mathematical model was first derived. This model (Eg. 6, in Section 2.1)
relates the following factors which describe the "transmittance” of
scattered light: (1) geometric relationships of the incident and
scattered (received) beams; (2) scattering efficiency of the particulate;
(3) angular dependence of the scattering; and, (4) the particulate
concentration dependence. The relationship of these four factors gives
the transmittance along the scattering path from the laser to a
detector (hologram, photomultiplier tube, etc.), and allows analysis of
experimental measurements.

Development of a mathematical model of the scattering was
augmented by Taboratory tests to: (1) assess variations in scattering
efficiency between Shawnee Unit 10 flyash and flyash-limestone mixtures;
and, (2) determine angular dependence of the scattering intensity for
both types of particulate. The tests showed that there was less than a
factor of two difference in the scattering efficiency between flyash and
mixtures of flyash and limestone dust. Intensity of the scattering was
predominantly in the Tow angle forward direction with a smaller lobe
in the back scatter direction. Side scattering (~40 to 160 degrees)
was the least intense. It was a factor of ~103 less than the intensity
of forward scatter, and between 10 and 20 times less than back scatter
intensity.

In addition to the scattering measurements, particle microscopy
studies were extended beyond those reported in Reference 2, with the
aid of a scanning electron microscope (SEM). This work revealed that
in some instances at least, smaller particles are encapsulated in larger
flyash spheres during the boiler combustion process. Determination
of the mass fraction of encapsulated particles was not attempted.

Early in the program, it was decided to change the scope of work to
include preliminary scattering measurements at the Shawnee Unit 10
boiler.* Original plans called only for straight path transmission
measurements at elevation 392 of the Unit 10 superheater. Ultimately,
scattering holograms were contemplated for elevation 376 (Plane A-A) and

* Modification No. 7 to Contract CPA 70-4.



there were no opposed ports at this elevation with which to measure
transmittance. To assess the feasibility of recording back and side
scattered light holograms, it was also necessary to make preliminary
scattering measurements at this lower elevation. Subsequently,
transmission measurements were made across the superheater (elevation 392)
and scattering measurements were made at Plane A~A during the period 16 to
18 March 1971.

The transmission measurements were made in the absence of any
limestone injection and indicated that average flyash particle densities
varied between 4000 and 4600 particles/in3.

Existing port locations were used at elevation 376 to make
scattering measurements both with and without Timestone injection into
the boiler, on 17 and 18 March 1971. Measurements were made at scattering
angles of 90, 115 and 125 degrees. The measuring apparatus consisted of
a continuous wave helium-neon gas laser, a chopper to convert the incident
laser beam into a 750 Hz a.c. signal, a telescope and photomultiplier
assembly to observe and measure the intensity of the scattering signal,
and a Tock-in amplifier. The output signals from the photomultiplier
and the Tock-in amplifier were recorded on a two-channel strip chart
recorder. This assembly of components was termed a synchronous detection
system.

A factor of between 1.3 and 2.4 increase in the amount of scattered
1ight was measured during periods of limestone injection. The traces
exhibited a high degree of noise. Analysis of the measured data using
the mathematical model Ted to inconclusive results with regard to
determining particle concentrations. Differences in particle concen-
tration between conditions with and without 1imestone injection could
not be ascertained. They were obscurred by signal noise and
uncertainties in geometric and scattering factors in the mathematical
model.

Calculations based upon the measured scattering intensities at
elevation 376 indicate that pulsed ruby laser holography of particle
back scatter may be feasible. The depth of field of the holograms will
probably be limited to a distance of about six feet inside the boiler.

The scattering measurements at elevation 376 were also analyzed to de-
termine particle flow field dynamic characteristics. This analysis
indicated that limestone distribution at this elevation does not appear
spatially or temporally uniform. Random variations in signal intensity
and frequency were noted during periods of limestone injection.



2. ANALYSIS

This section is concerned with development of a model for scattering
by flyash particles of a light from a probing laser beam. The analysis
was done by Dr. L. 0. Heflinger of the TRW Systems Group Research Staff
(SGRS). The work was in preparation for a test program at the_Shawnee
Unit 10 boiler (Section 4.2). In addition, laboratory scattering
measurements were made by Dr. Hefliner in support of the'ana1ys1s.and
subsequent Unit 10 data reduction and evaluation. Also included in
this section are the results of supporting particle microscopy work.

This is an extension of previous microscopic studies of flyash.

2.1 SCATTERING RELATIONSHIPS

The following is a brief summary of scattering relationships
between the probing laser light and Unit 10 flyash particles. The
scattering relationships led to a mathematical formula which gives the
intensity of scattered 1light in terms of particle concentration and the
geometry of the optical configuration. In the following discussion, let

n = the number of particles per unit volume.

o = the geometric cross section area of a particle.

For a spherical particle , o = D2/4, where D is the diameter of the
particle. In the scattering formulas, it is the product no which enters
the formulas. From TVA data on Shawnee Unit 10 particle size
distribution, it has been determined by integration that the effective
particle diameter is 40u (40 x 10-6 m), giving an effective o of:

ogee = 1/4 (40 x 1078)°

1.26 x 1072 m2. (1)

Oeff

If this effective value is used, the value of n obtained from the
formulas will be the total particle concentration, counting all sizes of

particles.

Note that 4 no is the total surface area of the particles per
unit volume, for spherical particles. Thus, the light scattering
experiments can be interpreted as measuring the particle surface area
per unit volume directly. It can be shown that the value of no
determined by experiment gives the total particle surface area per unit
volume essentially independent of the particle size distribution.

Transmission Measurements

The number of particles per unit of volume may be optained by
measuring the transmitted Tight through a scattering medium. In thig



case, let

L

1]

length of path through the scattering medium.
T

transmittance of this path

intensity of output beam
intensity of input beam

Then for a uniform scattering region

T - e-znOL (2)
This can be rewritten
no = 1 (-en T)
2L
or o =+ gn (3)
’ 2L T

If the scattering is not uniform throughout the region, the value of

no obtained is the average over the path L. The coefficient of L in
Equation (2) is the extinction coefficient and has the dimensions of an
inverse distance. Hence, the distance 1/2nc is characteristic of the
scattering medium, and is the distance over which the intensity of
transmitted light is attenuated by the factor e = 2.718... Hence,

a given photon has about a 37 percent probability of traversing this
distance within the medium before encountering a scattering particle.
We take the liberty of calling this distance "mfp" and note that it

has nothing to do with the mean-free-path of kinetic theory. This
distance may be calculated from a transmission measurement by rewriting
Equation (2) again:

oo 1L
mfp" = o T T (4)

Scattered Light Measurements

At most planes of interest within the Unit 10 boiler, directly
opposed ports for transmission measurements do not exist. Therefore,
one would like to estimate local particie concentrations based upon Tow
angle back scatter measurements where only a single viewing port is
required. An alternative is the measurement of side scatter intensities
provided two ports are available which allow intersecting optical paths.

For the measurement of direct back scatter or of side scatter, a
number of geometric factors must be determined. The relationship
of the probing and scattered beams is shown in the Figure 1 sketch.
In t?is sketch, 6 = angle of observation (6 = 0 is looking into the
beam).
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Figure 1. Schematic diagram of probing beam and
scattered 1ight beam geometry.

The small volume element from which light is scattered into the
receiving optical system is defined by the intersection of two beams.
One is the laser beam and the other may be called the viewing beam. A
small aperture (approximately 1T mm diameter) is placed at the focal
point of the telescope objective lens. Light passing through this
aperture falls on the photomultiplier tube. Consequently, the image
of this aperture within the scatterina volume determines the axial
position and diameter of the viewing beam. It is convenient, though
not exact, to approximate the resulting scattering volume element as
the intersection of two cylinders having intersecting axes at an
angle 6. If the diameter of the viewing beam w at the scattering
point is larger than the laser beam, the situation is particularly
simple: If S equals the cross-section area of the laser beam, then
the fraction of light incident on the scattering volume element which
each particle removes is o/S. The total number of particles N in the
volume element is n times the volume of the element or

N = nwS/sin 6

and the total fraction of Tight removed from the beam within the volume
element is No/S = now/sin 6. Of this 1ight, a fraction, B, iS Scattered




(we assume here) uniformly in all direction. The scattered light fraction
is thus,

p
out _ w . =1
5 =T 8N (steradian )

in

Figure 2 shows a detailed view of the intersection of the laser beam and
the viewina beam in the case where the telescope aperture is a slit

and the image of this slit has width w and thickness less than the
diameter of the laser beam. In this, and other similar cases, the
fraction o may be used with w to give the effective length of the laser
beam in the scattering volume element. The fraction o is chosen so

that waS/sin 6 is equal to the actual volume seen by the telescope.

The solid angle subtendedzatzthe scattering volume element by the
receiver optics if T = 7r°/R™ (steradian) where r is the radius of the
entrance pupil and R is the distance from the scattering volume to the
telescope. Finally, the total path Tength for absorption is L = 2yt 2,
so that the total transmittance for the system is given by

T=rT (] ) g;%gg B no e'2noL

e\

e/‘ INTERSECTION
W VOLUME

ouT /

TOP VIEW

PERSPECTIVE VIEW

THIS 1S a W ~...|
OF THE
FULL BEAM

b

Figure 2. Detail of beam intersection
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This can be rewritten as

_ I Wwo -2nobL 5
T = 8L sin © B (2!’10[.)8 ( )

in order to obtain a factor involving the product no which has the form
y = xe R x = 2nol

and which may be called the concentration function. This function is
plotted in Figure 3, and may be used to predict the behavior of the
transmittance of the system for a given path length L as the (uniform)
number density is increased from zero. For low values of particulate
loading, the received intensity is nearly proportional to number
density. However, as n increases to the point where 1/2ns = L, the
intensity reaches a maximum. Beyond this point, extinction proceeds
more rapidly than scattering fraction, and the received intensity
decreases as the number density increases. However, one should not
overlook the fact that if the particulate loading is highly non-uniform,
scattering of light is proportional to the number density within the
scattering volume element, while attenuation is related to average
number density over the path lenath L. 1In general, the scattering of
1ight is not uniform, so that the angular dependence is not simply
1/4n as assumed above, but is given by a function f(8) such that over
a sphere, | f(o)de = 1.

On the basis of these parameters and considerations, the following
formula gives the transmittance via the scattering path from the laser
to the detector, and will serve as a mathematical model for analysis

0 J ( ] w\; !
0 1 2 3 4 5 6 7
X=2nol

Figure 3. Plot of the concentration function, y = xe™,
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of experimental results.

T8l - Y " sine
—— e
. AN \
pd / N
Geometric  Particle Angular Concentration
Factors Scattering Dependence Dependence
Efficiency

The following section describes some laboratory experiments in
which measurements were made of the angular dependence of the scattering
fraction. In as much as this turned out to be a slowly varying function
for the range of anales used in scattering measurements within the
Unit 10 boiler at the Shawnee Power Plant, Equation 6, above, was used
in the data analysis.

2.2 SUPPORTING LABORATORY TESTS

Laboratory measurements were made to assess particle scattering
efficiency and angular dependence terms in Eq. (6) for flyash and
mixtures of flyash and limestone. Samples were obtained from both the
Unit 10 mechanical collector and electrostatic precipitator.

A schematic diagram of the test apparatus is shown in Figure 4. A
beam from a 1.6 milliwatt helium-neon gas laser is directed through a
scattering cell. The light scattering cell contains two flat windows
through which the laser beam passes. The rear portion of the cell
is frosted to prevent reflections. The output of the laser and the
intensity of the light after transmission through the scattering cell
are monitored with silicon detectors as shown in the schematic. The
laser silicon detectors and scattering cell are mounted on a heavy
duty rotating azimuth head. The telescope and photomultiplier assembly
used to measure the scattered light remain stationary.

Alignment of the telescope onto the laser beam passing through the
scattering cell is accomplished using a mirror with an anerture located
at the focal point of the 2 inch diameter, 8 inch focal length objective
of the telescope. An eyepiece mounted normal to the telescope axis
allows the observer to accurately align the laser beam scatter in the
telescope aperture. The photomultiplier then receives the maximum
scattering signal.

Measurements of the light transmission and scattering intensities
of flyash and of flyash-limestone mixtures were made by suspending the
appropriate particulate in water. A mechanical agitator was used to
keep the particles in suspension. Measurements were made for different
particulate concentrations as well as for changes in the scattering
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Figure 4. Schematic diagram of apparatus used for scattering and
transmission measurements.



angle, 6. The angle © was varied within the 1imits of the apparatus
setup resultina in measurements from 6 = 6 degrees to 6 = 174 degrees
(6 = 180 degrees represents back scatter while & = 0 degrees is
transmitted light).

Transmission Measurements

Transmission data for various concentrations of both electro-
statically precipitated and mechanically separated Unit 10 flyash and
flyash-Timestone mixtures are plotted in Figure 5. The transmission
path was 35.5 mm. The data cover a range of volumetric concentrations
of from 0 to 6. The unit of volumetric measure is arbitrary and termed
a "millispoon" (ms%. For the mechanically separated dust, one ms
contains 6.4 x 10-3 grams (dry). One ms of electrostatically
precipitated dust contains 5.5 x 10-3 grams. Thus at a concentration
of 4 with mechanically separated flyash, the density would be
(6.4 x 10-3) g/ms x (4 x 10-2) ms/cc = 2.56 x 10-4 g/cc. Similarly, at
the same concentration the electrostatically precipitated flyash
density would be 2.20 x 10-4 g/cc, etc.

The curves of Figure 5 show that at higher concentrations of
particulate, there is an increase in the attenuation of the transmitted
laser beam. Further, for equivalent concentrations, the light attenuation
is greater for suspensions of electrostatically precipitated dust than
for mechanically separated particulate. This is due to the
smaller size distribution of the electrostatically precipitated flyash.
For example, in one analysis, approximately 55 percent of the dust

1.0
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i 1
T e PRS- —_—
|
NOMENCLATURE |
—_ e |
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7

Figure 5. Transmission of He-Ne gas laser light beam as a function of
concentration for Unit 10 flyash and flyash-1limestone mixtures.
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collected from the Unit 10 electrostatic precipitator was found to be
less than 10 microns in size.3 Conversely, only 7-10 percent of the
dust collected by the mechanical separator on Unit 10 was less than

10 microns.3 The significant increase in fines in the electrostatic
precipitator flyash results in a corresponding increase in the total
particulate surface area intercepted by the transmitted laser beam.

The expression for 1ight transmission through a scattering medium is

T = exp (-no2) where no is the product of the number of particles

and the average particle scattering cross-section over the path length 2.
The product no is also proportional to the total surface area of the
particles. Therefore, as the total particulate surface area increases,
more 1ight in the beam is intercepted and the beam attenuation is
increased.

Of greater significance to the present work, however, is that there
generally appears to be little difference in the 1ight attenuation
characteristics between flyash samples containing limestone dust and
those without Timestone. This is seen in Figure 5. Some deviation
does occur between the samples with and without limestone for the
electrostatically precipitated dust, but only at very high concentrations.
In other words, one could not expect to readily differentiate between
flyash and flyash-Timestone mixtures by straight path transmission
measurement based upon the data obtained during the laboratory tests.

Scattering Measurements

Light intensity measurements as a function of the scattering
angle 6 were made for different concentrations of both flyash and
flyash-1limestone mixtures. Of particular interest was the 90 degree
scattering condition. These data are plotted in Figure 6. The measure
of concentration is the same as that described for Fiqure 5. As with
the transmission data, it is apparent that the presence of Timestone
has virtually no affect on side (90 degree) scatter intensity. Indeed,
there is less than a factor of two difference between the mechanically
and electrostatically precipitated dust samples.

The data of Figures 5 and 6 are cross-ploted in Figure 7, where
straight path transmission versus 90 degree scattering curves are
presented for mechanically and electrostatically precipitated flyash
both with and without 1imestone. The slope of each curve at the
origin is proportional to the scattering efficiency or g f(900) term
in equation (6). These values are tabulated on the next page. It can
be seen that the presence of Timestone in the flyash has a minimal
affect on the scattering efficiency of the dust. There is less than
a factor of two difference in the spread of values measured, and no

consistant trend.

The polar plots in Figures 8 through 10 were obtained using the
scattering cell apparatus described previously. They show the angular
variation in scattering intensity for electrostatically precipitated
flyash both with and without limestone, and for mechanically trapped
flyash without Timestone. On each plot there are two curves. The
right-hand curve is the apparent scattering from a beam. The left-hand
curve represents single particle scatterina, and is derived fron the other

12
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Type g8 f(900) Value
ESP flyash w/o limestone .087
ESP flyash w/ 1imestone, #1 sample .104
ESP flyash w/ limestone, #2 sample 121
Mech. flyash w/o limestone .138
Mech. flyash w/ Timestone, #1 sample 121
Mech. flyash w/ limestone, #2 sample 12
Notes: ESP = Electrostatically precipitated flyash
MECH = Mechanically separated flyash

curve as follows: The intensity measurements of the laser beam scatter vary
as beam intersection volume changes with the angle of measurement; i.e.,

the scattering volume = 1/sin & x constant, where 6 is the angle between
the probing laser beam and the beam of scattered light received by the
observing telescope (see Figure 1). When o = 0 degrees (straight path
transmission), the scattering volume is infinite. The observed scattering
volume is a minimum value at 6 = 90 degrees. To obtain single particle
scattering, it is necessary to remove the geometric factor from the measure-
ments by applying a sin & factor. This results in the left-hand curve on
each of the three polar plots. The data are normalized to transmission
measurements as a function of particle concentration and thus all curves
may be directly compared in the three plots. The curves are open at both
the forward and back scatter (& = 0 degrees and 180 degrees) regions due to
Timitations of the measuring apparatus setup.

An evaluation of these curves shows that only two significant
scattering lobes exist with the predominant lobe in the direction of
forward scatter (o = 0 degrees). The scattering intensity is near a
minimum at 90 degrees. The intensity of the forward scatter is estimated
to be between 50 and 100 times greater than for the back scatter condition.
In the scattering tests performed at the Shawnee Unit 10 boiler (described
subsequently in Section 4.2), measurements were made at values of 6= 90,
115 and 125 degrees. It can be seen from the polar plots in Figures 8
through 10 that the scattering intensities are minimal in this region.

A comparison of the polar plots of Figures 8 and 9. scattering
intensity for flyash only and flyash with limestone, shows that there
is 1ittle difference in the shape of the two curves or in the absolute
values at any given angle. There is less than a factor of two
difference in the scattering intensity between the two types of dust
for values of 6 equal to those for which measurements were made at
the Unit 10 boiler. This fact inhibits the detection or identification
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of limestone dust in the presence of a background of flyash particulate.
In short, the scattering characteristics of the two different types of
dust proved to be remarkably similar.

2.3 PARTICLE MICROSCOPY

Determination of scattering characteristics of flyash by TRW Systems
led to the discovery that some Targer spherical particles in the samples
were hollow and apparently filled with numerous smaller particles. This
was revealed during a series of scanning electron microscope studies of
flyash samples from the electrostatic precipitator and mechanical separator
of the Unit 10 boiler. The work was a continuation of microscopy studies
reported in Reference 2.

One of the first examples of a scanning electron micrograph which sug-
gested that large hollow spheres contained smaller particles is seen in
Figure 11. This is a ~1000X photomicrograph of a mixture of limestone and
flyash obtained from mechanical separator hoppers of Unit 10. The arrow
in the upper right-hand part of the photograph shows a ~30 micron sphere
with a portion of its outer surface broken. It appears that smaller
particles rest inside this shell.

Interest in this broken flyash particle resulted in a search for other
such examples. To obtain some degree of particle separation, acetone was
used to float the dust onto a pedestal before examination. Greater
dispersion was achieved thus aiding the examination of individual particles.
A second particle with a fractured shell was located and photographed using
the scanning electron microscope. Three micrographs of one particle made
at successively larger magnifications (~300X, 1000X and 3000X) are shown in
Figures 12 through 14. Figure 12 is an overall view of the sample area
scanned with the electron microscope. The particle of interest is ~80
microns in diameter. Surface details of the fracture and the internal
ensemble of particles are more clearly seen in Figure 13. A more extreme
enlargement (~3000X) of this particle is shown in Figure 14 where two
distinct types of internal particles are clearly observed; namely. spherical
and irregularly shaped particles in the two to 20 micron size range. The
physical appearance of the two different types suggests that the spheres
are probably smaller flyash particles resulting from the combustion of
pulverized coal in Unit 10. The angular particles which Took Tike "rock
candy" strongly resemble photomicrographs of limestone calcined at ~1200°C
as reported by McClellan in Reference 4.

Review of these rather dramatic photomicrographs raised the question
of whether small particulate inside the lTarger flyash shell entered after
the shell surface was fractured, or had somehow been encapsulated during
the combustion process. In an attempt to answer this question, additional
micrographic studies were made. The first two tests utilized the TRW
scanning electron microscope. A small sample of dust from the Unit 10
mechanical separator was examined and then rolled with a metal rod to
fracture larger particles. A photomicrograph of a deliberately fractured
particle is shown in Figure 15. The results were considered indicative of
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Figure 11.

Scanning electron microscope (SEM) photograph of a fly-
ash-1imestone mixture in which a broken spherical particle
(arrow) was observed to contain still smaller particles

on the inside. The flyash sample was obtained from the
hoppers of the mechanical separator on the Shawnee Unit 10
coal-fired steam boiler. Limestone dust was being injected
into the furnace to remove SOx from the flue gases at the
time this sample was obtained Micrographs in all suc-
ceeding illustrations were made from Unit 10 flyash-
limestone mixtures.
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Figure 12,

SEM micrograph (~300X) of broken flyash sphere showing
internal particles. This micrograph was made in a
deliberate attempt to find large broken particles
containing smaller dust on the inside. Acetone was
used to "float" the dust sample onto the SEM pedestal
to achieve a greater degree of particle separation.
The next two figures are photographs of the same
broken particle but taken at magnifications of 1000X
and 3000X, respectively.
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Figure 13,

Higher magnification SEM micrograph of broken particle
seen in Figure12. This illustration clearly shows the
contents of this hollow flyash sphere. Note the
exceedingly thin wall of the hollow sphere. Particle
diameter is about 80 microns. When this micrograph
was made, it was not known if the internal particles
had fallen in after the shell was broken or had been
encapsulated during the combustion process.
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Figure 14.

Extreme enlargement of Figure 12 showing contents of
hollow flyash sphere. Note the two distinct types
of particles. The spherical particles are thought
to be small flyash dust while the angular "rock
candy" particles are believed to be calcined 1ime-
stone. Microprobe analysis is needed to identify
the particle chemistry.
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Figurel5.

SEM micrograph of flyash particle broken by rolling a
metal bar over a dust sample. This was an early attempt
to determine if the smaller particles were originally
encapsulated in the Targer sphere or had fallen into

the void after the shell was broken. Although indica-
tive that the internal dust was trapped during the
combustion process, this test did not fully confirm

the fact.
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an encapsu!ation'processg however, the micrograph could not be considered
as coqc1us1ve evidence since the rolling method of fracture could also
have introduced smaller particulate into the hollow sphere.

Another and more unique method was tried. The micrographs of Figures
16 and 17 show the results of the new method. In each instance, a large
unbroken flyash particle was located in the field of view of the scanning
electron microscope. The electron beam was concentrated at the surface of
the flyash particle. Localization of the beam energy caused the surface
material to melt away. Evidence of the molten state of the flyash shell
is easily seen in the two figures. The porous nature of the surface in the
region of the molten particle wall suggests that outgassing occurred
during the melting process.

In Figure 16, the opening in the flyash particle is approximately 45
microns maximum width. The opening in the companion micrograph is about
80 microns. In each instance, the internal volume of the flyash sphere
is full of smaller particles. All examples in the preceding illustrations
were taken from flyash-T1imestone mixtures obtained from Unit 10 at Shawnee.
The encapsulated particulate in all cases seemed to consist of both
smaller flyash spheres and the irregularly shaped glossy particles thought
to be calcined limestone.

In addition to the scanning electron microscopy studies under the
present contract (CPA 70-4), further microscopic studies were done under
TRW sponsorship using a conventional Tight microscope. Flyash is typically
a fused silicious residue with a glassy transparent appearance.” This
allows one to conveniently observe particle structure and characteristics
using transmitted light and a high quality 1ight microscope. The following
micrographs were made in this manner using an Izumi Polarization Microscope
(S/N 19637) with a Polaroid film back adaptor and various objective lenses.

Selected particles from samples of Shawnee Unit 10 flyash (mechanical
collector) were crushed while under observation so that the fragmentation
process could be observed. A small quantity of dust was scattered on a
microscope slide. From this ensemble, a single particle of spherical
shape and white color was removed with the aid of a 12X eye loupe and a
teasing wire. The selected particle was then immersed in a drop of
dioctyl phthalate (DOP) 0il on another microscope slide, and covered
with two 0.020 inch thick cover glasses. The thickness of the double
cover glasses very nearly matched the distance between the particle and
the barrel of the microscope objective lens at its focal distance. It was
possible, therefore, to use the microscope focusing mechanism to apply
pressure to the particle with the Tens barrel while the particle was under
observation.

Micrographs of individual particles were recorded. The microscope
objective Tens was then depressed until the particle was observed to
fracture. Further disintegration was observed as additional force was
exerted. Micrographs were recorded at various stages of this process.
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Figure 16.

SEM micrograph of flyash particle with hole melted
in previously unbroken surface by concentrating the
energy of the electron beam at the surface. This
and subsequent micrograph using this technique re-
vealed numerous small particles inside the large
particle thus tending to confirm that encapsulation

~occurred during combustion process.
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Figurel?,

SEM micrograph of a second flyash particle in which the
surface was melted using the concentrated energy of the
electron beam. Note the voids in the edge of the
encapsulating shell suggesting that entrapped or dis-
solved gases were liberated as the result of the
material being heated by the electron beam.
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The two 400X micrographs of Figure 18 illustrate an 80 micron
diameter spherical flyash particle photographed before and after fracture.
The upper photograph shows the particle intact and clearly demonstrates
that smaller particles are encapsulated in this larger sphere. The
other photograph was made after the particle had been broken by the
method described. A portion of the larger particle has drifted to the
left. The pieces of this particle are still immersed in the oil film
between the two glass slides which serves to hold the fragments within the

field of view.

The series of six micrographs in Figure 19 show several progressive
stages of particle disintegration (from left to right) as a result of
repeatedly squeezing the entrapped large particle. In its original form,
the flyash particle was approximately 150 microns in diameter (Figure 19a).
Definite major fracture lines are seen in Figure 19b. The existence of
one interesting 15 micron particle is followed (arrow) in each of the
micrographs. In the last micrograph (19f) this smaller particle had also
been fractured.

The last illustration (Figure 20) is a lower power (160X) micrograph
of a small particle (arrow) partially assimilated into a larger 140 micron
diameter particle. The smaller particle is perhaps 50 microns in diameter.
Several particles of ~10 microns djameter are also seen attached around
the outside of the large particle.”

As mentioned, the particle microscopy reported here is a continuation
of work begun under an earlier portion of the basic contract and reported
in Reference 2. The microscopy was initiated as an aid to understanding
the scattering characteristics of the Unit 10 flyash and Timestone-flyash
mixtures. In the process of examining various samples of ash, the contain-
ment of very small particles by larger spheres was noted and investigated.
This work continued to a point where it could be confirmed that the small
particles were indeed encapsulated during the combustion process and did
not, as first suspected, become entrapped in the cavities of previously
broken large spheres.

It is suggested that the encapsulating phenomena is important from
two considerations. If a mechanism by which the encapsulation takes place
can be understood, it may be possible to enhance or promote the process
thus reducing the number of fines in the stack gas. Conversely, if
particle collection methods tend to fracture the thin shells of larger
spheres, the possibility exists that additional microscopic dust may be
introduced into the stack gases. The investigation of flyash formation
and encapsulation processes was not within the scope of the present work;
however, additional work and understanding in this area would seem quite
worth while.

* The dark curving line in the upper portion of this micrograph is the
edge of the DOP oil droplet in which the flyash particle was immersed.

28



Figure 18. Transmission micrographs (400X) of an 80 micron diameter
particle made with a 1light microscope. The upper photo-
graph clearly shows the internal particulate encapsulated
in a flyash sphere. The lower photograph was taken after
the sphere was broken.
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Figure 19.

Six micrographs of a large 150 micron particle showing the progressive disintegration of
the structure under increasing pressure from the light microscope objective lens.
small internal particles can be traced in the disintegration process.
broken.

Several
Observation of
particle breakup was continued until one of the internal particles (arrow) was eventually
At this point, most of the residue was <10 microns.
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Figure 20. Micrograph (160X) of a small 50 micron
particle partially imbedded in a larger
140 micron flyash particle.
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3. EXPERIMENTAL EQUIPMENT

The apparatus used during the experimental effort on this program is .
conveniently divided into two categories. The first concerns the holographic
tests conducted in a TRW Systems laboratory, while the second consists of
equipment designed and built for scattering measurements at the Shawnee

Unit 10 boiler.
3.1 RUBY LASER HOLOCAMERA

The TRW pulsed ruby laser illuminator described in Reference 2 was
again used for the present work. The Kerr cell Q switch was removed and
replaced with a Chlorophyll d dye cell to achieve increased laser coherence
necessary for the present back and side scatter holography app11c§t1on.

The Chlorophyll dye cell, developed at TRW by Dr. Ralph wuerker, is

reported in detail in Reference 6. With the dye cell positioned in the

ruby oscillator cavity, laser coherence was increased from a few centimeters
to approximately 3 meters. The laser pulse duration increased from
approximately 50 nanoseconds to about 100 nanoseconds. Energy content of
the laser pulse was between 1 and 1.5 joules.

Demonstration of both back and side scatter pulsed ruby laser holo-
graphy necessitated construction of different holocamera configurations.
A1l of the holography during the present work was accomplished in a large
laboratory using breadboard configurations. The schematic diagram of
Figure 21 shows the arrangement used for holographically recording ruby
laser back scatter. The arrangement is a three beam system similar to that
used in the earlier transmission ho]ography.2 The ruby laser output beam
is divided into two components using a wedge beam splitter. Approximately
90 percent of the ruby 1ight passes through the beam splitter (W-1) to
form the scene beam. A right angle prism diverts the incident scene beam
into the scattering medium of the scene. A reflection off the first surface
of the scene beam prism is incident on a photodiode used to monitor the
ruby laser output. That portion of the ruby laser light reflected by the
wedge beam splitter is expanded and collimated into a 5-inch diameter ref-
erence beam using a telescope. The collimated 1ight of the reference beam
is further divided into two beams with the aid of a second wedge (W-2).
Reflected light from the second wedge beam splitter is directed onto the
hologram using a front surface mirror (M-1). A second front surface mirror
(M-2) reflects the remaining reference illumination transmitted through
the second beam splitter (W-2) onto the hologram. The path lengths of the
two reference beams are matched.

The hologram is Tocated adjacent to the scene beam such that low angle
(<5 degrees) back scatter may be recorded. In tests made to date, back
scatter of pulsed ruby laser light over distances of up to 15 feet have
been successfully recorded. Test aerosols have included chalk dust and
dioctyl phthalate (DOP). These tests were essentially the same as earlier
work? except that a second reference beam was added as in the previous
transmission scattered light holograms.
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re 21. Schematic diagram of laboratory holographic arrangemen
Fio used to record back scatter of a ruby Taser scene beam.
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Port geometry and availability at elevation 376 at Shawnee Unit 10
suggested an alternate holographic arrangement, namely the recording of
side scattering of the incident scene beam. The holography of side
scattering (90 degree scattering) offered a potential for coverlng more
lateral area in the plane of interest at this boiler elevation. For this
reason, the feasibility of recording side scatter of a pulsed ruby laser
beam was investigated in the laboratory. A breadboard holocamera was
setup to demonstrate feasibility of the technique. A schematic diagram
of this holographic arrangement is shown in Figure 22. For the sake of
simplicity, the second reference beam was omitted in this setup. A two
beam holocamera was adequate for demonstrating the feasibility of
holographically recording side scatter from the ruby laser scene beam.

From Figure 22, it will be seen that the output of the ruby laser
was divided into scene and reference components using a wedge beam
splitter (W-1). The reference beam was expanded and collimated into a
5-inch diameter beam using a telescope. Two front surface mirrors
(M-1 and M-2) directed the reference beam onto the holographic plate.
Light transmitted through the wedge beam splitter (W-1) formed the scene
beam. Two 90 degree prisms (P-1 and P-2) were used to direct the scene
beam in front of and parallel to the holographic plate. The distance
between the scene beam and film plate was approximately 6 feet. For some
tests, a cylinder lens was placed in the path of the laser beam reflected
by prism P-2 to form a fan-shaped scene beam. With the configuration
shown in Figure 22, a nominal scene width of 4.5 feet could be obtained
establishing a viewing angle of about 37 degrees. When the cylinder
lens was used, the maximum width of the fanned beam was about 1 foot.

The scene width was 4.5 feet.

With the holographic arrangement described, both static scenes and
aerosols were recorded. The purpose of these tests was to show the basic
feasibility of holographically recording side scatter of a probing ruby
laser scene beam. Holograms of static objects were first recorded and
successfully reconstructed. Tenuous aerosols of chalk dust and DOP were
subsequently recorded. Reconstructions of side scattering by aerosols
were, in general, not as satisfying as similar recordings of forward and
back scattering of a ruby Taser beam. The side scatter holograms were
not as bright. This result was not unexpected based upon the angular
scattering intensity distribution measurements made earlier in the
program (see Section 2.2). Quantitative measurements of the aerosol
number density from variations in scattering intensity recorded by the
hologram were not attempted during these feasibility experiments.

*

A holocamera for recording side scattering at Unit 10 was designed during
the course of the present work. It is presented and discussed in Section 4.
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3.2 SYNCHRONOUS DETECTOR

Although back and side scatter pulsed ruby laser holograms of tenuous
aerosols could be made under laboratory conditions, the uti]izat1op of
this technique at the Shawnee Unit 10 boiler remained to be determined.
It was desired to study limestone particulate distributions in the presence
of flyash, at elevation 376 of the boiler. A series of transmission
measurements at this elevation under various boiler operating conditions
would enable one to determine the potential and Timits of the holographic
technique at this elevation. Unfortunately, opposed ports did not exist
at the 376 elevation and hence, no measure of the optical thickness of
the scene volume could be easily obtained. As a result, it was decided
to build and test a helium-neon gas laser illuminated synchronous detection
system for measuring the power of the scattered laser light under various
geometry and boiler operating conditions.

The diagram in Figure 23 shows schematically the components of the
laser illuminated synchronous detection system which was constructed and
tested at elevation 376 of the Shawnee Unit 10 boiler. The illuminator
is a continuous wave Spectra Physics Model 124A helium-neon (He-Ne) gas
laser which emits approximately 18 milliwatts of visible red light at a
wavelength of 0.6328 micron. The light is collimated in a 1.1mm diameter
beam. The d.c. light signal produced by the Taser is converted to an a.c.
output with the aid of a chopper. The 1ight chopper consists of an 1800
rpm synchronous motor driving a 25 tooth gear which intersects the laser
beam. The result is a 750 Hz square wave light signal. Light pulses
passing between the gear teeth are directed into a scattering medium of
interest (i.e., particulate in the boiler combustion gases). Laser light
reflected by the gear teeth is incident on a photocell which generates a
750 Hz electrical reference signal for the lock-in amplifier (Figure 23).

Background flamelight in the boiler was sufficiently intense that
light scattered from the 18 milliwatt probing laser beam by particulate
entrained in the combustion gases could not be observed with the unaided
eye. To make scattered 1ight measurements, a very large improvement in
signal-to-noise ratio was required. This was accomplished by several
means. The principal improvement came through use of the synchronous
detector system consisting of the 1ight chopper and Tock-in amplifier.

The lock-in amplifier, an EMC, Inc. Model RJB, comprised a resonant

signal amplifier, inverter, gating circuit and averaging circuit. The

six db/octave time constant t of the averaging circuit defines both

the rise time of the measurement and the equivalent bandwidth f = 1/(n1)

of the system, centered at the reference frequency of 750 Hz. A reference
frequency of 750 Hz was selected because this frequency is neither a
harmonic of 60 Hz nor of 120 Hz and, therefore, should give good discrimina-
tion against these power-related noise frequencies.

The chopped laser beam scattering intensity is observed and measured

using a focusing telescope and photomultiplier tube (PMT). The telescope
and PMT assembly, mounted on a rotating azimuth head is shown in the

36




LE

LIGHT CHOPPER
(1800 RPM SYN. MOTOR

WITH 25 TOOTH GEAR) SCENE
(SCATTERING) _— ~.,
—_— ——// N
.6328u AT 750 HZ id \\
C-W He-Ne LASER ' LIy Ny MEREN gy B -—- - ,’/ —ee- ]
/ ‘\_ / //
/ SILICON LIGHT A I
4 DETECTOR . N
(REFERENCE SIGNAL
GENERATOR) //
~___—HEAT ABSORBING
’ (I.R.) GLASS FILTER
POWER S s NARROW BANID (.632811 )
SUPPLY J;\ GLASS FILTER
HARRISON 6515A I MMZ PINHOLE IN MIRROR FOR FOCUSING
0-1000 V EYEPIECE OF TELESCOPE
PHOTOMULTIPLIER
TUBE (1P21)
A.C. COMPONENT OF
OPTICAL BACKGROUND
NOISE
CA TEKTRONIX EMC, INC. MOD. RJB BRUSH TWO -
PLUG-IN 535 LOCK-IN COTERENT —— CHANNEL
PRE-AMP|  OSC. AMPLIFIER T CHART RECORDER
SIGNAL
REF. SIGNAL INPUT *

Figure 23. Schematic diagram of laser illuminated synchronous detection system.
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Figure 24. Photomultiplier tube and focusing telescope assembly mounted
on rotating azimuth table.

photograph of Figure 24. The device is capable of fine adjustment in
pointing, elevation and focus so that Tight scattered from a small volume
at considerable distance can be made to impinge on the active surface of
the 1P21 phototube. The light gathering telescope consists of a single
achromat Tens of 1-7/8 inch diameter and approximately 8 inch focal Tength.
The observer's eyepiece is a 1 inch focal length lens mounted to intersect
the telescope optical axis at the focal point of the objective lens. A
one mm area of the mirror coating was removed at the intersection of the
optical axis to form an aperture through which focused scattered light can
proceed to the PMT. With this arrangement, it is thus easy to observe
through the eyepiece when the detector is pointed at the desired target
region of the probing gas laser beam.

From the photograph of Figure 24, it will be seen that the telescope
and PMT housing are mounted in one assembly with a focusing tube arranged
to provide focus range from about 4 feet to infinity. The configuration
is essentially a "breadboard" design, but it proved entirely adequate for
field use at the Unit 10 boiler.

Referring again to Figure 23, the output of the PMT is amplified
initially with a Tektronix Model 535 oscilloscope and CA Plug-in pre-
amplifier unit. From the oscilloscope, the signal is fed into the lock-
in amplifier which selects and amplifies that component of the input
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*
signal which is in phase with the 750 Hz reference signal. A heat-
absorbing glass filter and a narrow-band dielectric interference filter
placed before the telescope objective lens provide some attenuation of the
background flamelight to enhance discrimination between the 0.6328 micron
laser scatter and blackbody radiation of the flame. Variation in scattering
intensity as a function of time is obtained by recording the coherent
Tight signal output of the lock-in amplifier with a Brush strip chart
recorder. Laboratory tests in the absence of background flamelight indicated
that th? full range of sensitivity for the synchronous detector system is
3 x 107" to 5 x 10-13 watts of chopped laser 1light arriving at the photo-
detector. The calibration procedure is described in Section 4.

* The output of the PMT could also be fed.direct1y into the !ock-in
amplifier. Loss of oscilloscope power during tests at the boiler
necessitated this mode of operation with an attendant reduction in
signal amplification by a factor of ~10. The system was still adequate
for the Unit 10 measurements.
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4. RESULTS

The experimental portion of the program was divided into two dis-
tinct parts; namely, transmission and scattering measurements at the
Shawnee Unit 10 boiler, and several holographic tests designed to con-
firm the feasibility of recording pulsed ruby laser back scatter
and side (90 degree) scatter. This section of the report describes the
results of both efforts. The test setup for both the transmission and
scattering measurements at the Unit 10 boiler are shown schematically
for reference purposes. The Unit 10 measurements and the Taboratory
holographic tests led to design of a three-beam holocamera for use at
elevation 376 of the boiler. This design is presented and discussed
as a part of the results.

4.1 UNIT 10 TRANSMISSION MEASUREMENTS

Laser light transmission measurements were made across the 50 foot
wide Unit 10 superheater region at elevation 392. A schematic of the
test setup at this elevation is shown in Figure 25. The apparatus used
for transmission measurements was essentially the same as that described
in Section 3.3 for the Synchronous Detector with but one exception.

The focusing telescope and photomultiplier tube assembly was not used;
instead, the laser beam was made to impinge directly on a silicon diode
detector. A one cm? silicon diode was mounted at the focal point of a
4 inch diameter, 6 inch focal length lens. The lens and diode together
with a heat absorbing (infra-red) glass filter and Wratten No. 70 red
filter were assembled in an aluminum housing mounted on a tripod. The
signal amplifying equipment and the chopped laser 1ight illuminator
were the same as described previously in Section 3.3.

UNIT 10 SUPERHEATER
CHOPPER HLEV. 972 OPTICAL RECEIVER
He-Ne LASER B3 r/ - - ‘
REF. SIGNAL PORT FORT
———————— 48 FT
CHART
L.1LA. RECORDER

Figure 25. Schematic'diagram of setup for transmission measurements
at elevation 392 of the Unit 10 superheater section.
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A1l of the transmission measurements were made in the absence of
any pulverized limestone injection into the boiler. Unit 10 was operating
at an electrical output of 127 megawatts during the transmission test
period. At this output, the average coal feed rate was 109.6 x 103 Tb-
coal/hr with a corresponding air flow of 1 x 109 1b/hr.

Four data points were reduced from the Unit 10 superheater strip
chart records. These data points were selected to obtain values of
minimum and maximum light transmittance. The data are tabulated in
the following table.

Table I. Transmission Measurements
Unit 10 Superheater, Elevation 392 Ft.
16 March 1971

Data Power Received Power Output Fraction Received
Point P in watts PO in watts P/P0

. -6 -5
Minimum 2.1 x 10 .023 9.13 x 10
Max imum 6.8 x 1070 .023 2.96 x 1074
M3 nimum 2.2 x 10°° .023 9.56 x 107°
Maximum 6.0 x 10°° .023 2.61 x 1074

From these data, it will be seen that the He-Ne laser light beam
attenuation varied between approximately 1 x 1074 and 3 x 10% during
the measurement period. The fraction P/R, , which is the ratio of laser light
received across the superheater, to the incident laser Tight, may be used
to calculate values of the average particle number density n for each of
the data points in the preceeding table. This is accomplished using

Eq. (2).

T = e—2noL
where,
T is the transmittance = P/Po
e is the base of the natural system of logarithms
n is the average number density of particles
o is the average physical cross-section of the particies

(1.26 x 102 cm)
L is the optical path length (48 ft)
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One may also calculate values of "mfp" from the transmigsion.mgasure-
ments in the superheater. These are useful for comparison with similar
calculations made from the scattering data obtained at elevation 376,
where straight path transmission measurements could not be made. In
other words, no direct measure of the optical thickness of the po11er
gases could be determined at the lower evaluation thus introducing
uncertainties into the particle number density calculations.

Following is a tabulation of average partic]e densitjes _
and mfp lengths derived from values of P/Po in Table I using Eg. (2)'and
mfp = 1/2no. The average of the four measurements gives mfp = 66.1 inches

Table II. Values of n and mfp for
Transmission Data, Unit 10 Superheater
Elevation 392 ft., 16 March 1971

Data P/P0 Partic}e Number Qensity mfp

Point m/cm n/in Feet Inches
Minimum  9.13 x 107° 281 4612 5.16 61.9
Maximum  2.96 x 10°% 246 4029 5.91 70.9
Minimum  9.56 x 107° 280 4589 519  62.2
Maximum  2.61 x 1070 250 4091 5.82  69.8

4.2 LIGHT SCATTERING EXPERIMENTS AT UNIT 10

In Figure 26 is a schematic diagram of the light scattering experi-
ments performed at Unit 10 of Shawnee Power Plant, 17 and 18 March 1971.
The sketch shows interconnections of equipment and the relative positions
of viewing ports in the boiler wall at Plane A-A (Elevation 376). The
chopped beam from the helium-neon laser was made parallel to the boiler
wall at the same elevation as the centers of the viewing ports. It was
then directed into one or another of the ports by a pentaprism (which
has the property of maintaining a precise 90-degree angle of reflection
regardless of small errors in prism rotation). The scattered light
signal was measured using the synchronous detector described in Section
3.3. Two recording channels were used for recording of data. One
channel was used to record an indication of flame 1ight (total Tight)
and one was used for the coherent detector output signal.

The first attempts to record scattered laser light were made by
viewing along the inside wall of the furnace. These were unsuccessful,
until it was realized that the fresh-air draft drawn into the open port
was blowing all the scattering centers out of the field of view.
Accordingly, a port cover was made with a 5/16" diameter hole near the
center for the input Taser beam to pass through. This was of thin sheet
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metal, and was customarily held in place by the differential
s ress
between the 1n§1Qe and outside of the furnace. Inasmuch as tﬁe 1a:£$
beam was not visible to the eye in the presence of flamelight, it was
2c§asi;ona1;ytﬁdVﬁn$ageous to insert a 1/4" diameter stainless steel
ube throug e hole in the port cover for prelimi imi
Fescome: p minary aiming of the
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Figure 26. Schematic diagram of setup for scattering measurements
at elevation 376 of Unit 10 boiler.

The calibration procedure used for this setup is described in the
section immediately following. Measured results are reported and
discussed in Section 4.2. '

Calibration of Scattered Light Detector

The reference standard for power in the helium-neon laser beam is
a type 401 Power Meter™, which has a useful range of 0.1 to 100. milli-
watts. This standard is applied to the synchronous detector system as
follows: The laser beam is made to fall on the surface of a magnesium
carbonate block placed at some convenient distance, say 20 feet, from
the viewing telescope. The intensity of the beam is measured with the

* Spectra-Physics, Inc.
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power meter at the location of the block with the chopper turned off. In-
asmuch as the diffuse reflectivity of magnesium carbonate is about 0.99
for 1ight of this wavelength, it is assumed that the incident 1as§r beam
power is diffusely reflected with a consine-normal distribution, i.e.,

I(e) = E— cos 9 (watts per steradian) (7)

where p is the power incident on the block and ¢ is the polar angle from
the block normal. Now, if the angle between the telescope axis and the
block normal is small, power into the telescope entrance pupil is

d2 2
= Prd_ - pg (watts) (8)

p
taR? R

where d = 2r is the diameter of the entrance pupil and R is the distance
from the reflective block to the telescope.

With about 20 milliwatts of laser 1ight incident on the magnesium
carbonate block at about 20 feet from the telescope, a Tight signal
is received which is several orders of magnitude stronger than scattered
light signals from the experiment, but is well within the linear range
of the photomultiplier tube. (This was checked over 4 orders of mag-
nitude using neutral-density filters). Accordingly the very accurate
attenuators in the pre-amplifier and the lock-in amplifier can be used
to obtain a reading which corresponds to a known power arriving at the
telescope.

The calibration reading thus obtained defines a calibration con-
stant for the system which may be used during subsequent data reduction
for determining the scattering ratio (more specifically, the trans-
mittance via a particular scattering path) for a particular measurement.
This is done as follows: Given a reading p from the Tock~in amplifier
(0 goes from 0 to 15 1 = full-scale on the meter) and an attenuation
ratio (attenuator setting) a (1< a < 10°), the calibration constant is

Pt

¢ =3 (watts) (9)
and represents the power incident on the telescope represented by a
full-scale reading with maximum sensitivity. Note that the calibration
power level is calculated from the dc power of the laser, while the
ca11bra§1on constant c is derived from the chopped 1ight signal. The
conversion from a Frapezoida] wave to dc is thus accounted for, and the
lock-in amplifier is effectively a "dc" power meter having a range of
about 1 x ]0‘13 to 5 x 1076 watts. A measurement p' is an indication
of laser light power scattered into the telescope during the half-

cycle of the chopper period when the Tight is on, and is numerically
given by

p' =pac (watts) (10)
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The calibration constant thus obtained is valid for the system as
]ong as optics remain fairly clean and the voltage on the photomultiplier
is held constant. Valyes of ¢ measured at Shawnee were:

1.145 x 10712 yatts (with pre-amp, V_ . = 600 volts)

o
1 pmt
£ = 700 volts)

Cs 7.7 x 10711 watts (without pre-amp, me

Scattered Light Measurements

Measurements were made of laser light scattered from 9 locations
within the Unit 10 boiler at Plane A-A (elevation 376). The locations
are shown in Figure 27. Of the 9 measurement locations, scattering from
flyash only was measured at 5 points. Of these 5 points, 4 were also
measured with limestone injection. In addition, measurements were made
at 4 other points during limestone injection.

The 9 points are identified by numbers in Figure 27, and are also
characterized by the intersections of laser beams injected through
ports 2, 3, 4 and 5 with viewing telescope axis poisitions at scattering
angles of 90, 115 and 125 degrees as shown.

Associated with each of the 9 scattering positions are two attenu-
ation distances, %, and %,, together with a geometric distance R. The
distance g, is thé dista%ce inside the boiler to the scattering volume
element. F&r the case of 90 degree scatter, 2, is essentially zero
since the probing gas laser beam was parallel lo the inside surface
of the boiler tube wall and there was a separation of only a few inches
between the wall and the beam. The distance 22 is that distance from
the scattering volume element to the inside edge of the exit (viewing)
port of the boiler. The geometric distance R is the total distance
from the scattering volume to the telescope objective lens Tocated
outside the boiler. It is used in calculating the steradian correction
to the measurements.* Values for z], %o and R are given in Table III.

The fourth column in Table III is the factor wa in Equation 6, and
is the effective Tength of laser beam in the element of scattering
volume from which 1ight is received. The values of transmittance
listed in columns 5 and 6 were calculated using Equation 6 and repre