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ABSTRACT

This paper describes the measurement of the size and velocity of
panicles based on the observation and analysis of visibility patterns
created by backscatlered circularly polarized light. The size of latex
particles in a dry nitrogen stream was measured in the laboratory.
Visibility patterns of water droplets were observed in (he low
pressure turbine of Unit 6 of Alabama Power's Gorgas Steam Plant.

I. INTRODUCTION BACKGROUND

Optical observation of velocity and size of water droplets in
powerplant steam has several applications. These include (he
determination of steam wetness fraction, mass flow rate, and
predicting erosion of turbine blades and pipe elbows. The major
advantages of optical techniques are that they do not interfere with
the flow or perturb the observation'.

An optical probe volume is formed by splitting a laser beam
and passing the resulting beams through a converging lens. Where
the two beams interscil, they form an interference fringe pattern
(Figure 1). A small particle passing through the probe volume
scatters light in proportion to the intensity of the incident light2.
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Fig. 1 Formation of Probe Volume by Focused Coherent Beams

Several properties of a single particle can be observed from the
scattered light. As the particle passes through the fringes in the
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probe volume, the intensity of the scattered light varies with lime,
and is observed by an optical detector as a visibility pattern whose
properties depend on the size and velocity t[ the particle (Figure 2).
Visibility V, is a metric of the visibility ratiem. It is given by

( 1 )

where l l l l ax is the peak intensity and lmin is the Intensity of the
first null after Ihe peak.
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Fig. 2 A typical visibility pattern produced by a particle passing
through the center of the probe volume

Given Ihe visibility pattern, it is a straight-forward matter to
deduce the size and velocity of the panicle. For forward scattering,
an approximate relationship between particle size and visibility was
developed by Farmer,

) (2 )

In Farmer's Law, d is particle diameter, d is fringe period, and Ji is
a first order Bessel function of the First kind3.

It is convenient to observe the backscatler. Only one viewport
is needed, and the same optics are used to form the probe volume
and collect the scattered light, simplifying alignment. While
Fanner's Law works for forward scatter, it breaks down in
backscatter. The law is based on the assumption that the forward
lobe of the Mie scattering pniiern dominates the side lobes, and that
Ihe side lobes can be ignored. Figure 3a shows the back and side
lobes in relation to Ihe from lobe for Ihe Mie scattering pattern or a
typical particle4.
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II. LABORATORY OBSERVATION OF LATEX
PARTiCLES

Hg. 3a Mie scattering pattern of a water droplet for blue excitation

As seen in Figure 3b, the back lobe in Mie scattering is on the
same order as the side.ones. Tbus, In observing backscalter, (he side
lobes inn: I be considered. The strength of the side lobes is
extremely sensitive lo the conductivity (or Imaginary component of
refractive index) or the particle. Negus and Drain found that this
sensitivity to conductivity is much less pronounced for circularly
polarized light, and that a relationship between panicle size and the
visibility of backscallcred circularly polarized light could be derived
from exact Mie scattering?! An example is shown in Figure 4.

Fig. 3b Back and side lobes of the Mie Scattering pattern of a
water droplet for blue excitation
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Fig. 4 Visibility as a function of particle diameter computed Horn
Mie backscaller

Experimental observation of backscatlcred visibility patterns of
particles of known size, using circularly polarized excitation,
indicates that the relationship between visibility and size derived
from exact Mie scattering law does accurately describe the
relationship between visibility and size to within reasonable
experimental error, and Is monotonic over a useful range of particle

The experimental setup is shown in Figures 5 and 6. The
linearly polarized 488/514 nm (blue-green) beam from an Argon ion
laser was split into two components of equal intensity. The split
beams were circularly polarized by passing through a quarter wave
plate. The probe volume was formed by passing the iwo circularly
polarized beams through a 310-moi converging lens. The view port
was a quartz optical flat.

Latex spheres suspended in water were fed into the stream by a
nebulizer driven by pressurized dry nitrogen. Dry nitrogen fed
directly into the stream evaporated the water as the stream passed
through the drying section. This resulted in a sparse stream of latex
spheres passing through a glass lee. Itie stream was sparse enough
that one sphere at a time passes through the probe volume.

As a sphere passed through the probe volume it scattered the
light. The scattered light consisted or a reverse circularly polarized
component and several elliptically polarized components. The lens
intercepted part or the scattered light. The quartet w»ve plate
converted the circular polarization to linear polarization and the
elliptically polarized components to other elliptical polarizations.
The collector reflected the light lo a color separator, blue in one
direction, green in the other. The linear polarizer filtered out the
elliplicaJly polarized components. The resulting linearly polarized
blue and green beams were delected by photomultiplier tubes, the
resulting electric currents were amplified, and displayed versus time
on an oscilloscope. A typical scope trace is shown in Figure 7.

Results for several sizes of latex panicles are shown in Figure
8s. The solid line is the relaConship between visibility and sphere
diameter derived from exact Mie scattering. Many observations
were made for spheres diameters of 0.9, 1.04, 2.02, and 2.9
microns. The bars indicate the range of visibilities observed for each
sphere diameter.

The 0.9 and 2.9 micron particles resulted in lower visibility
than was expected. This is attributed to uncertainty in the
measurement of the angle between the split excitation beams. The
relationship between visibility and diameter is extremely sensitive
lo beam angle.

III. FIELD OBSERVATION OF WATER DROPLETS
IN STEAM

Observations were conducted on the low pressure (LP) lurhine
of Unit 6 at Alabama Power's Horgas Steam Plant. The
experimental setup is shown in Figures 9, 10, and II. The optical
system was the same as was used for (he latex observations, except
that a 1200-mm front lens was used (the longest focal length
available as a shelf item). The view port consisted of a quartz
optical rial mounted in a flange in a removable hatch cover in the
turbine hood.

As shown in Figure 10, the focal length turned out to be too
short to reach into the main stream flow al the discharge of the last
stage turbine blades. Consequently, while visibility patterns were
observed, as in Figure 12, they appear to represent large slow
moving water panicles being Uriwn off the turbine blades rather
than small fast moving particle, ir the main flow stream. The
observed patterns were very unrepresentative of the visibility



patterns expected from water droplets in main stream flow.
Consequently, a detailed analysis of the observed patterns was
considered meaningless and was not performed. Nevertheless, the
experiment showed that it is possible to observe droplets in a "real
world" situation.

Fig. 7 Typical visibility pattern of a 2.9 in latex particle with
circularly polarized excitation.Layout)

The next step in the research will be to modify the optical
apparatus so thai the system can "see" particles in the main flow
stream flow at the discharge of the last stage turbine blades. This
will require a custom ground 1500-mm lens in place or the existing
1200-mm lens, and will create the problem of an inconveniently
long probe volume. To overcome this, the receiving optics must be
modified to observe a short, but selectable, field of -<icw in the
probe volume. These two changes should make it possible to
observe single particle events in the main flow stream of the
turbine.

A further step will be to consider multiple particle events7.
Multiple particles simultaneously passing through the probe
volume create a complex pattern of backscaltered intensity as a
function of time. From this, it is expected to be possible to deduce
the distribution of sizes and velocities of particles passing through
the probe volume. From these distributions, it should be possible
to calculate the wetness fraction of the steam exiting the last stage
of the turbine, mass flow through the turbine, and LP turbine
efficiency.
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Irig. 8 Observed versuspredieled visibililiesof particles of a given
size.

JV. CONCLUSIONS AND FURTHER RESEARCH

These experiments lead to two major conclusions. First, by
using circularly polarized light and a visibilily-versur. <ie
relationship derived from exact Mie scattering, it is possible to
observe particle size within reasonable experimental error. Second,
it is possible to observe backscatlered visibility patterns of water
droplets in a "real world" steam turbine. These findings constitute a
proof of principle. It is practical to measure the size and velocity of
water droplets in a commercial steam turbine through a single view
port without perturbing the flow by observing the visibility pattern
of backscatlered circularly polarized light.
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l:ig. 9 Held setup for observing visibility patterns of water droplets in a turbine.
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Fig. 10 Region probed by the setup.
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Fig. 5 Laboratory setup for observing visibility patterns of latex particles. (Schematic)

Pig. 6 laboratory Setup for observing visibility patterns of lales particles. (Physical



EQUIPMENT SETUP AT GORGAS STEAM FACILITY

Fig. 11 Setup for observing visibility patterns of waler droplets in the low pressure turbine. (Physical layout)
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Hg, 12 Typical visibility pattern for a single waler droplet in Hie LP turbine.


