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1. SCOPE:

A review of droplet sizing instruments used for icing research is presented.
These instruments include the Forward Scattering Spectrometer Probe, the
Optical Array Probe, the Phase Doppler Particle Analyzer, the Malvern Particle
Size Analyzer, the 011 slide technique, and the rotating multicylinder. The
report focuses on the theory of operation of these instruments and practical
considerations when using them in icing facilities.

1.1 Purpose:

The purpose of this SAE Aerospace Information Report (AIR) is to provide
information that is useful for the selection, operation, and appreciation of
the limitations of droplet sizing instruments when applied to aircraft icing
research and development.
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INTRODUCTION:

Icing clouds may be studied in wind tunnels and from heavily instrumented
research aircraft. The diameter of the water droplets in icing clouds is one
parameter that is of interest in these studies. Droplet size in icing clouds
may be measured with a variety of instruments. Instruments which employ
optical techniques to measure droplet size include the Forward Scattering
Spectrometer Probe (FSSP), the Optical Array Probe (0AP), the Phase Doppler
Particle Analyzer (PDPA), and the Malvern Particle Size Analyzer. Two other
nonoptical techniques for measuring droplet diameters in icing clouds include
0il slides and the rotating multicylinder.

This document discusses the various instruments and techniques used to measure
droplet diameters in icing clouds. First the terminology related to droplet
sizing instrumentation will be defined, then the operation of each instrument
will be examined with primary focus on their theory of operation and practical
considerations when using them in icing facilities.

DROPLET SIZING INSTRUMENT TERMINOLOGY:

Before getting into the details of the operation of droplet sizing
instrumentation, it is useful to discuss the terminology associated with these
instruments. The terminology can be grouped into three categories:

a. Instrument parameters
b. Measurement quantities
c. Error terminology
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4.1 Instrument Parameters:

There are several terms that are common to all particle sizing instruments.
The most basic of these terms is the size bin. The term "bin" probably comes
from particle sizing instruments which employ sieving to physically separate
particles of different diameters into containers or bins. In electronic
instruments the grouping or bin is not a container of particles but it is an
instrument output, such as the number of particles in a given size range. A
size bin has a bin width associated with it. For example, if a size bin
represents a grouping of particles from 2 to 5 ym in diameter, then it has a
bin width of 3 um. A1l of the bins in an instrument need not have the same

bin width.

Three terms that describe the measurement region are probe volume, sample
area, and sample volume (Figure 1). The probe volume of an instrument is the
region where the droplet must be located in order to be measured. For many
laser-based instruments, this corresponds to the region where the laser beam
is focused. Thus, it is possible for a droplet to be in the laser beam but
not in the probe volume. The sample area is the projection of the probe
volume that is perpendicular to the velocity of the droplet. The sample area
times the product of droplet velocity and measurement time gives the sample
volume. Thus, it is the region in space that is swept out by the sample area
for a given period of time at a given velocity.

Terminology that refers to various measurement and sampling techniques is
single particle counter, ensemble measurement, temporally resolved, and
spatially resolved. A single particle counter refers to a class of
instruments that measures droplets one at a time. Its probe volume must be
small enough to ensure that only one droplet at a time is present in the
probe volume. Single particle counters make the measurement over an extended
period of time and the measurement is usually restricted to a very small
region in space. Thus, the single particle counter makes a measurement that
is spatially resolved and these instruments are dependant on the flux of the
droplets through the sample area to make a measurement. Some instruments
make an ensemble measurement, that is they measure many droplets at once.
This kind of instrument makes the measurement in a relatively short period of
time and has a much larger probe volume. This technique is temporally
resolved and needs many droplets in the probe volume to make a measurement.

4.2 Measured Quantities:

Droplet sizing instruments may measure a number of parameters but the most
basic is the droplet size distribution. This is the number of droplets as a
function of diameter. The actual droplet size distribution is continuous but
the measurement approximates it with a discretized distribution that
corresponds to the size bins of the instrument. Instruments with more size
bins or narrow bin widths can potentially give a better approximation of the
actual droplet size distribution. Once the droplet size distribution is
known, then various averages can be calculated from it. The one that is used
most in icing research is the median volume diameter (MVD) or D, .

(Reference 2.1). It is the diameter droplet in the distribution that has the
following property: Half of the volume of the distribution is contained in
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FIGURE 1 - Geometric Definition of Probe Volume, Sample Area, and
Sample Volume in an Optical Droplet Sizing Instrument
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4,2 (Continued):

droplets that are smaller than that diameter and half of the volume of the
distribution is contained in droplets that are larger than that diameter.
Equation 1 describes the MVD for a continuous distribution:

o .
{ :;_u[-g]’nw)dn - J@ %n[—grn(D)dD
_ " (Eq.1)
3 - 3 .
{'p n(D) dD HLD n(D)dD

The quantity n(D) is the number of droplets as a function of droplet
diameter (D). Since the MVD is weighted by D°, it is very sensitive to large
droplets.

When the droplet size distribution is plotted, the abscissa (i.e., droplet
diameter) is given by the size bins of the instrument and the ordinate (i.e.,
the number of droplets) depends not only on the cloud being measured but also
on the characteristics of the instrument. For example, if one instrument has
wider size bins or a larger sample volume, then that instrument will count
more droplets of any given diameter. This makes it difficult to compare two
different instruments over the same size range. An alternative method is to
plot number density per micron as a function of diameter. This quantity is
calculated by first taking the number of droplets in each bin and dividing by
the sample volume of that bin (this gives number density) then dividing by
the bin width. The units are typically expressed in number of droplets per
cubic centimeter per micron. This "normalizes out" the effect of an
instrument’s sample volume and bin width and enables distributions from
different instruments to be compared easily. Similarly, liquid water content
(LWC) per micron can be calculated by multiplying the number density per
micron data by the volume of a droplet that is centered in the size bin.

Also the density of the droplets should be included but for water it is
unity. The units are expressed as LWC per micron or grams per cubic meter
per micron. To find the overall number density or LWC of the entire
distribution, integrate the number density per micron data or the LWC per
micron data respectively.

The interarrival time is the length of time between droplets as they enter
the probe volume of the instrument. This quantity is important to single
particle counters because it can be used to determine whether droplets are
arriving too fast to be analyzed by the instrument. The interarrival time is
inversely related to the droplet velocity, number density, and the size of
the sample area. However, in tunnel applications an increase in air velocity
may not cause any change in the interarrival time of the droplets. This
occurs when the water flow rate of the nozzles in the wind tunnel remains
constant while the air velocity increases. This causes a larger volume of
air to pass by the nozzles in any given period of time, so the droplets are
spread out in space more. Even though the droplets arrive at the instrument
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4.2 (Continued):

at a higher velocity, this is offset by the increase in the distance between
the droplets (i.e., a decrease in the number density), so the interarrival
time is unchanged.

A term that is often used in relation to optical droplet sizing instruments
is scattering or the scattered 1ight from a droplet. When a droplet is
illuminated by a light source such as a laser, some of the light is
redirected or scattered by the droplet. This encompasses diffraction around
the droplet, reflection off the droplet’s surface, and refraction through the
droplet. It is the analysis of the scattered 1ight that enables optical
droplet sizing instruments to make a size determination. Mie scattering
employs a method based on Maxwell’s equations to calculate the scattered
light from a homogeneous spherical particle in a laser beam of constant
intensity (Reference 2.2). It is an exact solution for any size particle,
with any index of refraction, or any wavelength of 1ight and includes all the
effects of diffraction, reflection, refraction, and several other less known
optical phenomena (Reference 2.3).

4.3 Error Terminology:

There can be many error sources when doing droplet sizing. Some are common
to all types of instrumentation while others are instrument specific.
Fundamental to the accuracy of any measurement is a statistically valid
sample. Enough droplets must be measured in the sample so that random
statistical fluctuations in the cloud do not affect the measurement.
Examining the measured distribution is the easiest way to tell if the sample
is large enough. If the measured droplet size distribution appears smooth
and continuous then the sample is probably valid. Note that some
distributions do not approach zero counts at large sizes as quickly as
others. These distributions are said to have "long tails" and they can be
particularly troublesome to measure. The tails of these distributions can
have regions where there are few counts in a size bin, yet the adjacent size
bins will have significantly more counts. If the MVD is to be calculated
from such a distribution, then it is vital to sample enough droplets in the
tail of the distribution because they have the greatest impact on the
measured value of the MVD.

Two generic kinds of errors associated with droplet sizing instruments are
sizing errors and counting errors. A sizing error means that the instrument
has classified some of the droplets in the wrong size bin. Spectral
broadening is a type of sizing error that occurs in all droplet sizing
instruments to some degree. When spectral broadening occurs, droplets that
should be classified in one size bin are classified in adjacent size bins.
Counting errors, which are unique to single particle counters, occur when a
particular region of the droplet size distribution is undercounted or
overcounted. This error is often overlooked yet it is as serious as the
sizing errors and can lead to incorrect measurements of the MVD, number
density, and LWC. However, if the counting error is random (i.e., all
diameters have an equal probability of being miscounted) then the shape of
the distribution will not be altered and the MVD that is calculated from the
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4.3 (Continued):

distribution will be unaffected. The calculated number density and 1iquid
water content which depend on the shape as well as the height of the measured
distribution will be affected by random counting errors. Correction
algorithms are mathematical models that attempt to predict the magnitude of
the sizing and counting errors of a given instrument and adjust the measured
distribution accordingly.

Two events that are unique to single particle counters are coincidence events
and dead-time events. A coincidence event occurs when two droplets are in
the probe volume simultaneously. Coincidence events can result in both
counting and sizing errors. A dead-time event occurs when an instrument is
insensitive to a droplet passing through the probe volume because it is busy
analyzing the previous droplet. A dead-time event will cause a random
counting error; thus, it will not affect the MVD.

5. THE FORWARD SCATTERING SPECTROMETER PROBE:

The Forward Scattering Spectrometer Probe (FSSP) is an optical droplet sizing
instrument used for the measurement of water droplet diameters in natural and
artificial clouds and it is the most widely used droplet sizing instrument for
cloud research (Figure 2). The FSSP was developed in 1976 by Robert
Knollenberg (Reference 2.4) who is the founder of Particle Measuring Systems,
Inc., of Boulder, Colorado (Reference 2.5), which manufacturers the FSSP.

The FSSP is a self-contained probe that is approximately 1 m in length
(Figure 3). The probe contains a 10 mW helium-neon laser, optics, and
electronics. An external data acquisition system (typically a microcomputer)
is needed for displaying, manipulating, and saving data. As shown in

Figure 3, the FSSP has two probe arms that are connected by a flow
straightening tube. One probe arm contains the laser beam transmitting optics
and the other contains the receiving optics. The flow straightening tube is
used to insure mechanical stability between the probe arms and also to keep
the droplet-laden airflow traveling perpendicular to the laser beam. The
mirror and prism that are located in the probe arms are open to the airflow
and the front of the probe is heated to reduce contamination.  The forward
section of the flow straightening tube is also heated to keep ice from
blocking the inlet to the tube.

5.1 FSSP Theory of Operation:

The FSSP measures the diameter of a droplet by measuring the power of light
scattered by that droplet as it crosses a focused laser beam. The size of
the droplet is determined by a calibration curve which relates scattered
power to droplet diameter (References 2.6 to 2.7).

A diagram of the optical path of the FSSP is shown in Figure 4. The laser
beam is focused by a lens and directed into the flowing air by a mirror. The
region where the beam is most tightly focused is the probe volume. The
diameter of the laser beam in the probe volume differs from instrument to

" instrument, but it is typically 200 yum. The length of the probe volume or
the depth of field as it is called is 2 to 3 mm long.
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FIGURE 2 - The FSSP Mounted Under the Wing of a Research Aircraft
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5.1 (Continued):

As a droplet enters the laser beam it begins to scatter light in all
directions. Some of the scattered light is collected by a prism and the
light is directed through a lens package and onto a detector. The
unscattered light is blocked by a dump spot located on the front of the
prism. The diameters of both the dump spot and the lens package determine
the angles over which the scattered light is collected. This value is listed
in the FSSP manual as 4 to 14° but it can differ by several degrees and it is
an important parameter to measure when calibrating the FSSP (References 2.8
to 2.9).

The signal detector (Figure 4) is the component responsible for making the
size determination. As a droplet crosses the laser beam, the light scattered
by the droplet is focused onto the signal detector. The signal detector
produces a voltage pulse proportional to the power of the light incident on
it. The peak voltage occurs when the droplet is totally within the laser
beam. The diameter of the droplet can be determined from the peak voltage
using a calibration curve which relates voltage to droplet diameter.

A well-defined probe volume in any instrument is critical to an accurate
measurement. Ideally, all droplets crossing the laser beam within the probe
volume should be measured and all droplets crossing the laser beam outside
the probe volume should be rejected. The physical shape of the probe volume
in the FSSP is cylindrical and can be described in terms of its axial and
radial components.

The axial component of the probe volume (or the depth of field) extends to
either side of the waist of the laser beam. The FSSP determines the depth of
field by assessing the divergence of the light coming into a second detector
called the annulus detector. The optical system is arranged so that when a
droplet (or any object that scatters 1light) is at the waist of the laser
beam, the scattered 1ight will be focused to a point in front of the annulus
detector. A dump spot in front of the annulus detector blocks the 1ight from
entering the detector. However, if the object scattering light is away from
the waist, then the light impinging on the detector will diverge and blur
into a disk rather than a point. If the disk of 1ight is large enough, then
some of the 1ight will spill over the dump spot and into the annulus
detector. When enough light impinges on the annulus detector, it indicates
the water droplet is too far from the beam waist and it is outside the probe
volume. '

The radial dimension of the probe volume is defined by the transit time of
the droplets through the laser beam. It is assumed that all the droplets to
be measured are moving at the same velocity. Some droplets will traverse a
chord of the beam which is close to the radial edge of the beam. These
droplets will be in the beam for a shorter period of time and will have a
shorter transit time. The transit time of each droplet that goes through the
probe volume is measured and combined with the average transit time of all
the previous droplets that went through the probe volume. If the droplet has
a transit time that is shorter than the average, then it is assumed to be
outside the probe volume and it is rejected.
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