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j ABSTRACT

A photoextinction method has been developed to determine particle-
size distributions of settling aerosols in a large test chamber. The
theory of photoextinction by aerosol particles was explored and ap-

j plied to a method of determining particle-size distributions from
decay measurements based on Stokes' law.

A photometric measuring apparatus was constructed and installed in
the testing facility. Measurements of changes in light transmission

were made for several dissemination experiments. Data reduction
procedures were investigated with the data obtained. Errors in both
theory and measuring instrumental parameters are discussed.

Methods to determine particle -size distributions and additional stud-
ies of the photoextinction technique are recommended.
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INTRODUCTION

This report summarizes the theory and experimental results from an
evaluation of a photoextinction method for measuring particle-
size distributions in aerosols. It is submitted in partial fulfillment of
Contract DA-18-108-CML-829. In searching for accurate and repro-
ducible methods for measuring and controlling particle size, nearly
every physical and chemical approach was investigated by many workers
and many instruments were developed. It has become evident that no
technique or instrument can be equally successful in measuring all
materials or particle-size ranges. Each should be considered as a

j separate problem requiring specific techniques.

Many techniques have been utilized for measuring and defining particlesj in terms of size distribution relations. Principles that have been
employed in particle-size assessment include sedimentation, sieving,
microscopy, permeametry, absorption, light scattering, change in
electrolytic resistivity, flow impaction, X-ray, sonic vibrations, bulk
density and rate of packing, magnetochemistry, and precipitation of
charged particles. All these methods have specific theoretical
and experimental limitations and must be carefully evaluated, When
the information desired is to describe an aerosol in terms of its
effective size distribution during decay, the effects the experimental
measurements have on the data should be considered. Generally, when
an aerosol sample is taken, the method of sampling or handling will
significantly alter the size properties. Photoextinction measurements
of a decaying cloud appear to offer considerable advantages for aerosols
within specific limits. The light beam used does not introduce significant
additional energy into the system observed; readings can be made any
time; and the light beam effectively samples a diameter of the cloud
instead of a point within the cloud. The measurements are made con-
tinuously as the aerosol is settling which facilitates the collection of
more complete data compared to methods requiring periodic physical
sampling with subsequent analysis. Photoextinction is well described
in literature along with the sedimentation theory employed in this
technique. There are numerous sources of possible errors in applying
the theory. There are also limitations in experimental techniques.
However, it is felt that corrections may be made mathematically or by
standardizing the system to achieve meaningful size-distribution infor-
mation. Considering the advantages of photometric measurements on
the original aerosol, this technique was chosen for evaluation in Aero-
jet's large test chamber.
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2. THEORY

The photoextinction technique is principally a method for measuring the
change in light absorbed by particles dispersed in a medium as the
particles settle. The apparatus consists of a beam of approximately
parallel light projected across the suspension onto a photoelectric cell.
The beam diameter is small compared to the distance of the beamjbelow the surface of the suspension. Measurements of the emergent
light intensity are recorded at time intervals (or continuously) while
the particles settle out of the suspension under the influence of gravity.I
2. 1 LIGHT EXTINCTION

Particles that are small compared to the wavelength of light have an
absorbancy in accordance with Rayleigh's law. Rayleigh's law states
that the intensity of scattered light varies directly as a function of par-
ticle radius to the sixth power and inversely as the fourth power of the
wavelength of light. The size below which such transmission begins is( given as about 0. 1 i by Dallavalle (Reference 1), 0. 5 11 by Schweyer and
Work (Reference 2), 0. 6 ý± by Stutz (Reference 3), and 2. 0 11 by Richard-
son (References 4 and 5). According to Skinner and Withes (Refer-
ence 6), the variation of these values depends upon the optical geometry
of the instrument used. The relation which governs the transmission
through a suspension of monodisperse particles in this size region may
be described (Reference 7) by the expression:

V2

I = I exp (-kn n (I)

where

I, I = transmitted and incident light intensities

k = constant involving refractive indices

n = number of particles per unit volume of the

suspending media

V = volume per particle

Xk = wavelength of light used.
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This relation shows that longer wavelengths will betransmitted more
freely and the total absorbancy will decrease rapidly as the particle
diameter approaches 0. The strong inverse dependence of the trans-
mission on particle diameter in this region has been confirmed by
other workers (References 1, 7, and 8).

For particles much larger than the wavelength of light, transmission
is generally considered to follow the "square law" of geometrical optics
in which the light blocked is proportional to the projected cross-sectional
area of the suspension of particles. For particles greater than 1L dia,
the transmission has been shown to be independent of wavelength,
(References 2, 3, 9, and 10).

i The transmission behavior of particles from near 0 dia up to relatively

large sizes has been studied by Rose (Reference 8 ). The extinction was
j measured for a group of different size powders and compared with the

theoretical values. Figure 1 shows the results presented by Rose as a
relation between particle size and extinction coefficient. The extinction

| coefficient is defined as the actual blocking power of a particle divided
by the theoretical blocking power according to the "square law" of
geometric optics.

The expression for the transmission of light through a uniform suspension
of particles generally used (Reference 2 ) is a form of the Lambert-Beer
law written as:

0, -i- : A ci l

where

1, 1 0 transmitted and incident light intensities
0

I A projected area/gram of particles in the light beam
(includes all of the optical factors involved)

I c = concentration of particles per unit volume

11 length of light path

In this expression, Ac is the projected area per unit volume. Therefore
the plot of the ratio V4o/It) / (lIo /1) vs the values of particle size as
computed from Stokes' equation for time, t, gives the cumulative distri-
bution by area, where It is the intensity of transmitted light at time t,
and I is the intensity in the original homogeneous suspension at time 0.
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In most aerosols however, the particles are not uniform, but contain
a distribution of sizes. A more complete description, applicable to a
nonuniform distribution is given by Rose (Reference 8 ) as:

Kcl Z K n d 2  (3)

SI x x xI0
l where

w , I incident and transmitted light intensities

5 K constant

c = concentration of particles in light beam, g/cc

1 length of light path, cm

jK x Rose's extinction coefficient, which equals the ratio
x of the actual obscuring power of a particle of diameter

d theoretically according to the square law of geo-f x
metrical optics.

n number of particles of diameter d per g of powder

d x maximum size particle in suspension, cmX

From Equation 3 it is clear that for specific particle diameters d
and d2 :

Z *d2d 2 2d 1
2z - Kcl K nd 2

Kcl Z K n d = Kcl 1K n d Z
d1 0 o (4)

I I I
I? I21

then

Kcl Z K n d 4 A (5)
d12

where I1 and I are the transmitted light intensities through suspension
of particles ranging from 0 to d 1 and 0 to d1 respectively and I > I
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For small intervals:Kcl n d 2 K 
(6)2 , 1 - '•2

x m K
m

where

d = mean diameter of intervaldI to d2

K = Rose's extinction coefficient for dIm m

Since Kcl nx dm? represents the actual total cross-sectional area of
particles in the given interval, per unit area of beam, then multiplying by
dm and a proportionality constant C, gives the value for the total particle

j volume of increment dl to d2 .

C(Kcl n d 2) d = C m (- I - " I

x m m 2 1
m

(7)
= total particle volume per unit

area of beam

Knowing the density of the particle, a mass relation may be calculated.
Applying this relation for all the intervals in the settling of a suspension,
a mass-size distribution can be determined. The fraction of the mass
Fi, found in the ith particle-size interval is computed using the following
expression:

d, 1 I d. i+ 2

1 ) d K N dKi I . x
i- d.

F. = (8)•k n d. I I_ n dd d.

Si =o li+ i- i = o di-xx

where

n = the number of size intervals

N = the number of particles per cc of diameter d in lightI ~beams0

d. = the midpoint diameter of the particle-size intervalsI 1

I
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The derivation of these equations depends on several assumptions:

a. The particles are absolutely opaque.

I b. There is no reflection between particles or between particles
and the walls of the chamber.

Sc. Any deviations in the light obscuring power of a small particle
from that given by the square law is covered by the factor
K ; which should thus depend on the particle size, wavelength
otlight, refractive index of particle and fluid, etc., but not
upon the physical size of the apparatus.

Sd. The concentration of the supension is such that no two particles,
within the suspension, fall on the same line parallel to the light

I beam.

Detailed discussions of the effects of the foregoing assumptions are
given in References 8, 11, 12, 13, and 14. Other sources of error are
inherent in the instrument used for the measurements. It was concluded
that a transparent particle behaves as though it is opaque, provided that
there is sufficient difference between the refractive index of the settling
medium and the particle, and also that the monitored area of the light
beam subtends a sufficiently small solid angle at the center of the sus-
pension. Rose recommends the subtended angle be a maximum of I"
(or 0. 00024 solid radians). Limiting the subtended angle which reduces
effects of forward scattering to a minimum is also a condition for
eliminating errors arising from the transparency of the particles. The
adoption of Rose's extinction coefficient, K., should serve as an
acceptable relation of light obscured to actual particle-size cross-sec-
tions. The effect of particles hiding behind each other in the light beam
can be calculated statistically and the concentration of particles may be
controlled within the desired limits.

I Because of the many sources of error in both adherence of theory and

experimental limitations, the photoextinction method is seldom used
for absolute measurements. However, because of its convenience in
application and sampling advantages, it is an excellent method for
routine comparisons of powdered materials.
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I

2.2 SEDIMENTATION

Sedimentation principles have been used extensively in methods forI particle-size determination.

12. . 1 Tranquil Settling

The photoextinction techniques as well as others, depend on the
relation of settling velocities to specific particle sizes. The rate of
fall (u) of a spherical particle is related to the diameter of the par-
ticle (d) by Stokes' law in the form of:

I d: 18 T] u (9)(l- pz G

I 
where

f G = gravitational constant

P1 = density of particle

P2 = density of suspension medium

= = viscosity of medium

u = settling velocity of particle

"This expression may be rewritten as:

t18 flh (10)

d (P1  P 2 )G

where

t = time required for a given particle size, d, to fall
a given height, h

h = height of fall from top surface of suspension at time 0

to light beam
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This relation is almost always used to convert results of sedimentation
tests into particle-size distributions. The application of this equation
has a number of limitations which should be considered.

Stokes' law is valid only when the resistance to the motion of the particle
is almost entirely due to the viscosity of the suspending medium. The
inertia of the medium should have little effect. Flow of the medium past

j a particle is almost entirely viscous if the particle is small enough.
However, with increasing particle size, a wake begins to develop behind
the particle and inertial effects assume an increasing importance. The
Reynolds' number indicates the ratio of inertial forces to the viscous forces.
The Reynolds' number is a dimensionless quantity, which, for spherical
particles falling though a fluid, is defined as ud/v, where u is the velocity
of fall through the medium (terminal velocity), d is the diameter of the
sphere, and v is the kinematic viscosity of the medium. The kinematic
viscosity is the absolute viscosity divided by the density of the medium.
Davies (Reference 15) has estimated that the Reynolds' numbers correspond-
ing to errors of 1, 5, and 10% in the velocities of settling particles are
0. 074, 0. 38, and 0. 82 respectively. From Equation 10 and the definition of
Reynolds' number, the following equation can be obtained relating the
maximum particle size dc, to which Stokes' law applies to the maximum
Reynolds' number, Rec:

2
18 Re i2

d c

c p2 (p 1 - p) G (11)

The maximum particle size calculated for a Reynolds' number of 0. 5 for
silica (density 2. 5) in air is 46. 5 L. Particles with a density of 1. 0 would
have a maximum particle size of 63 ý±. Figure 2 indicates the maximum
particle sizes for different Reynolds' numbers and particle densities.

Stokes' law may be expressed in a form using drag functions as in
Reference 16.

2 d2
Dt 3 ilu wr d = CD P u - (12)

D2 4

where 
Dt = total drag

CD = drag coefficient

I
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Experiments show that for Reynolds' numbers below 0. 4 in a sphere, the
drag coefficient CD is a constant following the relation CD = 24/Re.
Figure 3 shows a plot of the variation of drag coefficient from Stokes'
law with Reynolds'number. It can be seen that for Reynolds' numbers of
0. 5 or less the deviation from Stokes' law is within 6%. Based on this
approximation, a Reynolds' number of 0. 5 was selected as a maximum
limiting factor for sedimentation determinations. Normally, in the photo-
extinction technique, measurements were only taken on maximum size
particles corresponding to Reynolds' numbers considerably below 0.5.

Stokes' law is concerned only with terminal velocity. After a particle
starts to settle a certain time must elapse before the terminal velocity

j is reached. Fortunately, this time is negligible compared with the
settling times involved in particle-size determinations in the subsieve
ranges.

The particles should fall as they would in a medium of unlimited extent.
The walls of the container should have a negligible effect on the sedimen-

Station velocity. For particles in the subsieve range the walls of the
vessels over 1 cm in diameter have little effect. Therefore, in a rela-
tive large aerosol chamber, this is of no concern.

According to Reference 12, the maximum volume concentration of par-
ticulate materials which can be used without appreciably affecting the
sedimentation characteristics seems to - 1%. At higher concentrations
inter-particle forces can be expected to affect settling.

Although Stokes' law is strictly applicable to perfectly spherical par-
ticles, it can be utilized for particles whose maximum-to-minimum-
diameter ratio does not exceed 4 (Reference 13). The actual extent of
error due to shape is not fully agreed upon by investigators in the field
of particle analysis.

I Extensive studies have been conducted (Reference 15) regarding the
influence of particle shape on the rate of sedimentation. It was con-
cluded that in the viscous flow (Stokes' law) region all reasonably
compact (not flat or elongated) particles, would show no tendency to
orient while settling, but would fall randomly and at a rate close to
that for spheres of the same density and volume. Other workers
(References 17 and 18) have investigated sedimentation effects of non-
spherical shapes, using cubes, plates, rods, and fractured particles.
It is apparent that the agreement is as good for irregular particles as
it is for spherical shapes within the limits of shapes investigated.

I
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12.2.2 Stirred Settling

To achieve maximum homogeneity in an aerosol for greatest reproduci-
bility in measurement, stirred settling has been considered. In stirred
settling, the motion of the particles due to convection currents must also
be considered. Except for large particles or violent stirring there is

j little or no impingement on chamber walls or other particles. Essentially,
in time, all the particles settle on the chamber floor. The horizontal
components of air currents impart no effect on the rate of fall of particles.j In a closed chamber, the upward components will compensate for the
downward flow components. Therefore, the average rate of fall is the same
as that of still settling conditions. The convection currents only maintainI a uniform concentration at any given time in the chamber. The relation-
ship of concentration decreasing with time can then be employed to deter-
mine size distribution data. Mathematical treatments of stirred settling

j theory are given in References 19 and 20.

Assuming a monodisperse aerosol in a chamber, the particles obey
i Stokes' law, and evaporation and coalescence are negligible, then the

equations applicable to stirred settling can be developed as follows,

IThe gas (air) in the stirred chamber can be considered to be composed
of small filaments which have either upward or downward velocity com-
ponents. The total volume rate of flow of the upward elements may be

j obtained by integrating the upward elements over all their horizontal
cross-sectional areas.

Volume rate of flow up S dA (13)"JR u u
u

I where

SS u linear velocity up

A u horizontal cross-sectional area of upward
u elements

The total volume rate flow downward then is given by:

I Volume rate of flow down: SAdSdd Ad (14)

Id
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where

SSd = linear velocity down

Ad = horizontal cross-sectional area of downward elements.

In a closed chamber, the net overall volume rate of flow must be zero,

S dAd S dA = 0 (15)
A d JA u u

I For an aerosol in the chamber, the linear velocity of the particles in a
specific element will be the vector sum of the air velocity and the par-
ticle settling velocity. The upward mass rate of transportation of par-
ticles is given as:

;M J(S - s)d (16)dt ýA dAu
u

I where

i M = total mass of aerosol in chamber

V = volume of chamber

S = upward air velocityu

4 s = Stokes' particle settling velocity

The downward movement of the particles is described as:

£ dM' M IS+ s) A(7

d down 'ýAd

I

and the net downward movement of the aerosol defines the rate of
mass settling on the. chamber floor

dM M 1M(S dA -s M-j (S -s) dA (18)
dt Ad A u u

d

I
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This expression can be rearranged and substitutions made to yield the
following equation:

dM A sM (19)Id-t (VIa)
and integrating this gives:

S=- e (20)

Io
where

M = the initial mass of aerosolo

t = time of decay

This equation may be rewritten expressing s in terms of the Stokes'
radius

SM (A- k r -t

M = e 
(2V)

0

where

r = particle radius

k = 2 G (p1 -p 2 )/9 i

I Since aerosols consisting of particles covering a size distribution are
of interest, the total mass fraction airborne is given by a sum of terms
for each size.

2

_(Alk r tM t
Ftotal(t) F e (22)

i o
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j where

F tota = total mass fraction airborne as a function of time

o = mass fraction of particles initially present in the
1 ith class interval.

This expression may be employed with Beer's law, Equation 8, to
reduce experimental results into size distributions. The Foi function
however becomes extremely complex and requires a matrix of sim-
ultaneous equations for determination. These equations are mathe-
matically unsuited for finding satisfactory solutions when experimental
input data are taken into account.

Considering actual test parameters, it is anticipated that ideal stirred
conditions are not met because for air velocities small enough to pre-
vent turbulence and impingement problems, the larger particle may
not be uniformly distributed in the chamber. This would allow the
larger particles to settle more rapidly than the theoretical model pre-
dicts, causing a shift of the size distribution toward the larger particles.
Stirring is used for attaining greater homogeneity, achieving better
reproducibility, and obtaining measurements during the earliest pos-
sible period of decay. If the ideal conditions of either tranquil or
stirred settling were met, then the theory of sedimentation should also
be true for experimental results. In testing practice, neither stirred nor
tranquil theory is completely satisfactory in defining existing conditions.
The stirred theory may be desirable if a workable mathematical solution
is developed. However, since the solution is not available at this time
and would require additional work and time, the experimental data in this
report has been reduced by the tranquil settling theory. The results from
this approach serve as an immediate means for comparing data. Experi-
ments indicate in general that the stirred conditions employed do not cause
great deviations from"unstirred" experiments. (see data in experimental
presentation). For moderate stirred conditions used at Aerojet, indications
are that deviations from theory are small compared to the advantages
gained for the technique. Methods of calibrating aerosols of known particle-
size ranges may be used to compare results with absolute values to evaluate
the effects of actual experimental conditions. This is one more aspect of
the photoextinction method that indicates its greatest application may be for
relative comparisons of size-distribution information. With the inherent
sources of error, it is extremely complex to attempt to control or account
for all factors. Nevertheless, the method is considered valuable for
obtaining useful information about effect of various mechanisms and
parameters of dissemination devices.
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3. INSTRUMENTATION!
3. 1 GENERAL DESCRIPTION

Essentially, the photoextinction apparatus comprises a light source lens
with a collimating system on one side of the aerosol chamber and a focusing
lens and photographic detector on the other side. The signal received by the
photo-detector is relayed to a recorder and a continuous record of
the light transmission is made during the decay of an aerosol. In the pre-
sent system, the output of the light source may also be monitored directly
(before the light enters the chamnber) by a second photo-detector. This
is desirable to detect any fluctuations in the light input. A schematic dia-
gram of the instrumentation system is given in Figure 4. Photographs of
the receiver and light source units are shown in Figures 5 and 6 respect-
ively.

Schematic details of the light projector uhit, the telescope detector unit,
and the electrical circuitry are given in Figures 7, 8, and 9 respectively.
The power source used is an E28-30 Nobatron constant-voltage power
unit. The unit was operated at 28 v for all measurements. A 28-v lamp
(G. E. 1275) is used as the light source. This lamp has a rigidly uniform
coil element that withstands extreme shock during the detonation of explo-
sive charges in the chamber.

The two photo-detectors, are diffused silicon photo-duo-diodes,
IN2175, obtained from Texas Instruments Co. (Figure 9). The 2-ýLsec
response time of the detectors is more than adequate for this application.f The spectral sensitivity covers the entire visible spectrum and extends
into the infrared region.

j The recorder used was a Model 8701061 Minneapolis-Honeywell Recorder
with a range from 0 to 25 my, automatically covered in five steps, expand-
ing the full-scale resolution to 50 in. This corresponds to a deflection of
2 in. /mv input signal. The chart speed used is 2 in. /min.

3.2 LENS SYSTEM

Normally, in photometric measuring of particles, great care must be
taken to achieve collimated light so as to eliminate magnification effects and
minimize light scattering problems. It is desirable to reduce alignment
variations due to vibrations and thermal changes around the apparatus during
tests. The light beam is projected for a relatively long distance making



0395- 04( 17)SP

- I Page 18

I.U

't w

on z
cu 4 cw 4)

0

0

II

IL tau:

02
w -

fZ4

LL

-i



0395-04(1 17)SP
Page 19

Devii'c Receiver



0395-O4( 17)SP

Page 20

-~ ~ Photoe(xtinctioni D evic e ight SOur(e



0395- 04( 17)SP

Page 21

U)

00

cm 0-

1 
0 4

-1 2 0CL
0 onc

20

w w

C1.4

I- i

~ z 00

00



0395-04(17) SPIPage 22

6

In
00
Rw

w - i
a U

1 - 0 2 4.

w 4

w LL 0

-- 4

1 4)
0H

Iz i6
I2

IR



0395- 04( 17)SP
Page 23

W i

F 5a

or

t L U 0
640 0

oc 0

j 0L4

A 
0

0

CC-

M.'-W.

V)

IC



0395-04(17)SP
Page 24

alignment sensitive to small mechanical variations at the light source.
Also, the period of light transmission recording is relatively long, giving
greater opportunity for variations. A solution was to provide a light beam

j on the emergent side of the chamber with a relatively large cross-sectional
area and a constant light intensity over the whole area. The monitor unit
can sample a small portion of the beam near the center, and if changes in
alignment occur, it should not alter the recorded light transmission. A
lack of truly collimated light will not interfere with size-distribution
results calculated on a relative basis if the aerosol is initially homoge-
neous.

Rose states (Reference 11) that light scattering effects are minimized suf-
ficiently if the photo-sensitive surface subtends an angle of 10 or less from
the center of the particle being measured. Generally, the transmitted
light is focused by a lens onto a photo-sensitive surface beyond the focal
point of the lens A shield with a pinhole aperture is placed at the focal
point. The size of the pinhole is small enough to blank out light scattered
at angles greater than 1°. In this apparatus the collected light is focused
on a small photo-detector instead of passing it through the aperture. The
diameter of the photo-detector is small enough to blank out light scattered
at angle greater than I' for particles located anywhere within the chamber.

The "effective" aperture also eliminates non-collimated light from the
light source. Light that is not nearly parallel will not be focused on the
small photo-detector.

It would be of interest to use a truly collimated light source to compare
effectiveness of the small photo diode in eliminating non-parallel light
In this case, the light beam should be of a satisfactory diameter in
relation to the beam area measured by the receiver in order to minimize
effects caused by alignment variations

3.3 CALIBRATION

The system is calibrated before each test with standard neutral density
light filters A series of filters are mounted on a rotating disc between
the photo-detector unit and the chamber window. Figure 5 shows the
disc containing the filters. Readings of the light transmitted through
each filter are recorded in duplicates and a calibration curve of percent
transmission against chart units is plotted.
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Figure 10 shows representative calibration curves from several tests.
The shift between the three curves is mainly the result of arbitrarily
selecting different 100% transmission scales on the recorder. The lack
of linearity at the two ends of the curves is attributed to limitations of
the photo-detector. Such limitations are also found in spectro-
photometric instruments used in chemical analytical analyses. For
practical purposes, the curves are valid iTn the working light-transmission
range.

The calibration filters must be well protected from dust and finger prints
to remain accurate. Therefore, the filters were mounted in the instrument
console. Total sealing of the filter apparatus would be desirable and
might be considered in future improvements.

3.4 INSTRUMENTATION LIMITATIONS

In developing the instrumentation currently used, mechanical and electrical
L difficulties had to be solved.

S3.4. 1 Vibration

In preliminary tests, the electronic equipment was either mounted on the
steel chamber wall or stood on the floor adjacent to the chamber. The
vibrations from the explosive shock perturbed the recorder chart for a
few seconds following detonation, and also caused shifts in the standard
settings due to slight changes in alignment of the instrument components.
This problem was eliminated by bolting the components to the concrete
floor.

The initial shock appears to have no effect on alignment, and the trans-
mission values return to within -- 2% of the 100% transmission value after
exhausting the chamber. Perturbations in the decay curve from the
explosive shock vibrations seem minor, since smooth steep curves are
obtained during the early decay period in disseminating relatively large
particles. However, fine particle clouds exhibit fluctuations in the
curve during this early period. This is generally attributed to inhomo-
geneity of the aerosol. The nonuniform convection currents due to thermal
gradients and gas expansion from a detonation do not affect the larger
particles as much as the smaller ones. Slow stirring of the aerosol
appears to minimize the variation due to inhomogeneities.
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3.4.2 Stability of Light Intensity

Over several hours, there appeared to be only a slight change in light
intensity due to power-input drift or to tungsten deposition from the
filament. The maximum drift noted was * 2. 4% over several hours and
was normally below this value. To obtain the most reliable data, light-
input variations were monitored. Compensations could thus be made inI the emerging light intensity values. A second photo-detector was
installed to observe the light source before it entered the chamber. The
input light intensity could be checked for drift by switching detectors at
various times, during the cloud decay. It was anticipated that the second
monitor could be coupled with the first to act as a differential readout on
the recorder. This coupling was prevented however, by limitations of

1 the electrical system. Another improvement in stabilizing the light
source may conceivably be obtained by controlling the light intensity with
a photo-detector regulator system.

3.4.3 Temperature Sensitivity

As discussed in Section 3. 2, the light source is subject to fluctuations
I resulting from temperature changes in the surroundings. When air

drafts were allowed to inconsistently pass the light source, the recorder
measured significant changes in light intensity. The lamp housing was
modified to shield it from air currents. However, this shortened the
life of the lamp because of inadequate cooling. Because the bulb had to
be replaced more often, frequent realignments of the optical system were
required. An improved lamp balb with a longer life (G. E. 1275) was
found. Also, the air current shielding was redesigned to prevent direct
drafts, but at the same time allowing slow removal of heat by convection
currents.

3.4. 4 Cloud Density

Photometric measurements are limited by the optical density of the
cloud. Relatively high-particle concentrations may block out an exces-
sive portion of the light. In the transmission region below 10%, the
instrument lacks the sensitivity to give accurate results. An increase
in light intensity would assist in measuring clouds of greater densities;
however, it would require considerable expansion of the scale and would
be inconvenient to operate. Also, high density clouds tend to increase
the error due to particles hiding each other thus cancelling their contri-
bution in light absorption.
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Theoretical estimations of light absorption by specific particle sizes
have been made. The calculated blocking power appears to be of the order
of experimental values observed with the instrument. However, since
reliable measurements cannot be made during the first seconds, the
maximum density readings are only rough estimates.

13.4.5 Deposition on Chamber Windows

Initially, Plexiglas windows were used to transmit the light beam through
the chamber walls. During the aerosol decay, the particles, due to
electrostatic attraction, have a tendency to collect on the inside window
surfaces. 'Ihe windows are periodically cleaned during the experiments
to ensure reliable readings; as a result significant changes in light
transmission have been observed. Plastic is subject to a buildup of
electrostatic charges from friction resulting from cleaning. Use of
antistatic solutions, such as Dow s Statnul, minimized the electrostatic
effects, although they were not completely eliminated. It was also found
that different areas of the plastic had a tendency to exhibit nonuniform
polarizing effects on the light; therefore, it became critical to replace
the windows in their original position after cleaning.

Plate glass windows 0I/4 in. thick! were later mounted permanently in
place (Figure 6). These windows improved the light transmission and
eliminated the positioning of the window after the cleaning operation. A
slot was provided so that a steel plate could be inserted between the
glass and the disseminator for protection from high velocity fragments
during detonation of an explosive device. The shield is inserted before
firing and removed immediately on detonation to record data. The slot
is sealed after removal to prevent possible air currents from entering
the chamber. The same slot is used to clean the window by inserting
another shield covered with a pad which rubs the surface of the glass.
The pad is treated with an antistatic solution. Using this procedure,1 there is seldom any significant effect of particles coating the glass.

3.4.6 Homogeneity Aerosol

SInhomogeneity of the cloud in the early stages (first 2 min) of decay
makes it difficult to define a consistent decay curve in this region.

I However, for particle distributions with MMD values of 20 or less,
I the majority of the mass is still airborne after 2 min. Therefore, an

extrapolation of the transmission curve into the larger particle range
(on the order of 50 to 100ý±) may be used to some extent, without caus-
ing serious deviations in the size distribution curve. A useful indi-
cation of the cloud's average optical density during the early period
could be realized by momentarily increasing the response time of the
photo-detector, thus produxcing a smoother average curve for
any desirable duration.
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The homogeneity of the cloud is improved using stirred settling condi-j tions;however, with practical stirring rates, a finite period is still
required to achieve suitable mixing of the cloud. The slow stirring
rates were chosen to minimize impingement of particles (>30L) on
the four blades.

After 2 min of slow stirring the decay curve generally exhibits aj relatively smooth and orderly increase in light transmission. This
observation would indicate a near equilibrium in the cross-sectional
cloud homogeneity and a lack of significant distortions due to non-
uniform convection currents. Experimental effects of slow stirring
vs tranquil settling are presented later in this report.

A problem that arises in experimental applications of Stokes' law is
that of establishing the height of fall. For a homogeneous cloud
completely filling the confines of the chamber, it is clear that the
height is measured from the center of the light beam to the top of the
chamber. However, all dissemination devices do not produce equally
sized clouds due to the energy applied in the dispersion, nor will they
fill a large chamber without violent turbulence introduced by stirring
techniques. For a given disseminating device, it should be possible
to establish an effective height for use in subsequent calculations.
However, since numerous device geometries and different energy
sources complicate the issue within test series, it was decided to
employ a standard procedure height value reaching the ceiling of the
chamber. Thus, even though the results become relative, the
direction of shift of the size distribution is known, i. e. , the calcu-
lated particle sizes are larger than the actual particle size. The
magnitude of this shift may be calculated for various height values
and estimates made for the shift on the basis of information about
the specific device. If the cloud could be instantly homogenized and
uniformly distributed throughout the chamber this error would be
eliminated.

II
A
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4. DATA REDUCTION

Calculation of particle-size distributions from the experimental data
calls for interpretation of the theoretical principles and justification of
several assumptions to reduce the procedure for practical use, One

method reported by Harner and Musgrave (Reference 14) simplifies the
data reduction by using a constant extinction coefficient and calculating
a mass proportionality factor for each particle interval from the change

in light transmission and the particle diameter. The logarithmic function
of light transmission is not used as given by Beers' law. Although the
theory is not substantiated, the method gives a rapid means for compar-
ing results in a relative sense. Size distribution data derived by this
technique from experimental results are presented for comparison later
in this report.

The procedure outlined by Michaels (Reference 14) employs both Rose's
extinction coefficient for each size interval and the logarithmic intensity

relation in Beers' law. Both of these methods involve calculations of

mass relations based on the summation of all the particle intervals.
Since the first intervals near t - 0 cannot be measured due to turbu-

lence and inhomogeneities, extrapolations to a maximum particle size
are made (other methods not requiring extrapolation are described

later). E7,trapolation may be reasonable for a portion of the curve;
however, an arbitrary cutoff or maximum size must be chosen.

Particles observed with a microscope can g:ve an approximation of the

largest size if it is assumed that the particles have not been signifi-
cantly altered in handling. This may not be warranted when considering
the great amount of agglomeration that can take place in powders. How
ever., to include the contribution of larger particles to the distributions,
consistent extrapolating techniques have been explored.

The simplest extrapolation procedure is to extend the curves to a pre -

determined time representing the maximum particle diameter. Extra-

polating by hand appears to give reasonable reproducibility if the
extrapolated segment is not great. Plotting the light transmission curve
on a semi -logarithmic scale helps in reproducing extrapolations since
it approximates a straight line for many tests.

To remove human bias in extrapolating the percent transmission-time,
data may be submitted for computer determination of a best-fit curve,
Using data from several experiments, the most consistent and usable
fits were obtained from the simple polynomial equation y - A° + A 1

x + ..... A 4 x 4 . where y % transmission, and x time in

minute s,
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Utilizing the y intercept, AO, of the best-fit curve, a mathematical
approach may be used to consistently determine a maximum particle
size. The following expression has been derived to standardize
calculations:

log Tdmax log A°

2 log K (23)

where

Tdmax percent transmission as the last of the largest
dparticles pass the light beam

K - a constant

The term (log Tdmax log 'Ao) gives a value for the percent transmission
adjustment from the theoretical transmission at time 0 to the actual
maximum density of the aerosol. The term (2-log Ao) serves as a normal-
izing factor between tests. K must be empirically set and a value of
3 x 10-3 agrees with values obtainable from handcounting of particles.
It is recognized that this is a relative procedure: its purpose is strictly
to achieve reproducibility in data reduction techniques.

A data reduction method that appears more justifiable is to determine the
relative size-distribution curve for the recorded decay curve only. Then
Millipore filter samples, taken in duplicate, during a late period of decay
may be used to normalize the distribution curve. Thus, the experimen-
tally measured data only are represented in the distribution and no extra-
polations are used. This approach depends on the Millipore samples
being representative of absolute mass values; the most representative
sampling should be possible when only small particles are airborne and
the mass concentration is changing at a relatively slow rate.

A graphical method for stirred conditions was proposed for approximating
the mass distribution associated with a given decay curve. This method

seems adequate for initial comparisons only.

Equation 21 may be rewritten as:

M r/ = -'AK D2 t (24)mo V 4

From this expression, when the In in/mo is plotted vs time for a given
chamber and disseminated material, the slope of the resultant line is a
function of only the particle size. Therefore, the instantaneous slope of
the decay curve at some mass fraction can be used as an approximation of
the characteristic particle size of the cloud.
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The method consists of constructing tangents to the decay curve at various

mass fractions. The slopes of these tangents can then be compared to the
slopes of a standard plot of Equation 24 for specific material and chamber
parameters to determine the particle sizes they represent. These particle
sizes can then be plotted vs the mass fractions they represent (mass fraction
at point of tangency) to generate the mass distribution curve.

Since, however, the assumptions made by Boyd for stirred settling are
experimentally not valid in this study, and the mathematics are extremelyI complex, Equation 24 was not employed in the data reduction. With further
work, it may be possible to develop a mathematical program based on stirred
settling theory which will account for the true conditions. However for
comparison purposes, the still settling theory was applied. This application
provides a relative and useful tool for assessing dissemination experiments
and microscopy evaluation seems to give particle size values close to the
actual dimensions.

i
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5. ERROR EVALUATION

Quantitative evaluation of the possible errors in the photoextinction system
would be extremely complex since errors depend on such parameters as
particle diameter, physical and chemical properties, and existing condi-
tions. A qualitative analysis can be made however, where problems can
occur.

Specific theoretical and instrumentation problem areas have been mentioned.
Means of accounting for, or compensating for, these problems were also
presented. Therefore, to minimize errors, the following conditions will
be assumed.

a. The photographic receiver subtends a sufficiently small angle
with all particles to limit errors due to forward light scattering.

b. The refractive index between the particle and the medium is great
thus the particles will behave as though they were opaque.

c. The general shape of the particles does not deviate from spherical

geometry by more than a 4C1 ratio for the maximum to minimum
dimensions.

d. The maximum particle size measured falls within the set limit
according to an acceptable Reynolds' number,

e. Roses' extinction coefficient accurately corrects the hiding capacity
of particles of all sizes in the range being measured.

f. Errors in drag coefficients due to wall effects are neglible for
large test chambers.

For Reynolds' numbers of the order considered, an error - 6% smaller
than the absolute particle diameter may be expected. However, this
error decreases when measuring subsequent decreasing particle-size

intervals.

The assumption that the height of fall in the chamber is the ceiling-to-

light beam distance, will introduce a one-directional error, If the max-
imum height of the cloud is less than this height of fall, it will shift the
distribution curve to larger particle sizes following Stokes' equation,
Equation 10. The magnitude of change in particle size varies with the
square root of the height of fall. An effective height may be estimated
from empirical evaluations of standard particles for specific dissemination
devices.
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Agglomeration may cause deviations in size measurements in several ways.
The particles of an aerosol may contain solid particles and agglomerates of
identical size, but due to differences in effective densities, they will havej different settling velocities. Therefore, the agglomerate will fall more
slowly and will be included in measurements corresponding to smaller dia-

meter particles. This results in a shift of the distribution curve to smaller
sizes. Since electrostatic forces are present, a great deal of agglomera-
tion may take place during the decay process. At some time during settling,
small particles may clump, thereby reducing drag and allowing an increase
in settling velocity as compared to the individual components. The result
is that the fine particles are removed from the aerosol at a more rapid rate
causing a shift to larger particles in the determination. Another factor in

jphotoextinction is that, when these particles agglomerate, a relatively large
portion no longer absorb light because they are hidden by other particles in
the clump. The effect becomes one in which the representation of mass in

j the fine particle ranges is diminished and thus the distribution curve is
again biased by apparently increasing the larger particles relative

concentration

For effects encountered from agglomeration, what is actually to be measured
might be considered. Since the agglomeration occurs. it shall be more
important to determine the ultimate effects rather than the distribution of
the initial aerosol. The effectiveness of an aerosol depends upon cloud
stability regardless of its parameters at time 0. Accurate assessment or
even a description of the aerosol including the dynamic parameters during
its life would be very complex. In this instance it may be mandatory to
accept the compromise that these effects would generally compensate each
other. Studies of electrostatic agglomeration during cloud decay should
offer helpful information to better evaluate experimental data.

Diffusion effects by Brownian motion essentially shift distributions to the
finer sizes by slowing settling of small particles. However, for particles
of l~I dia or greater, there is no significant effect,

Some workers contend that the errors generally compensate each other.
This is indicated to a degree for some of the experimental work at Aerojet

Sby good correlation obtained between assessment techniques. However,

other test data do not agree. Therefore, from the available information,
an overall statement describing the extent of errors cannot be made.

Errors probably depend upon specific parameters in each series of
experiments and may have to be resolved on an individual basis.

I
t
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6. EXPERIMENTAL RESULTS

The data reduction methods discussed have been applied to measurements
made in dissemination experiments, A good deal of the data was treated
with the Harner and Musgrave method in earlier work because of the
simplicity and convenience of rapid data reduction. The extrapolation

methods were varied between the hand-drawn curves and mathematical
best fit curves. Reproducibility by any of these procedures appeared to
be subject to differences between a specific series of tests. This
indicated that a method excluding extrapolation would be desirable, it

was felt that a relative distribution curve based on the measured points
with a mass nornmalizing factor would have its advantages,

The following discussion presents typical results of some experiments.
Most of the tests were not designed for studying the photoextinction
method; however, they served to compare results of the technique for
different materials disseminated under different conditions,

The test chamber was a cylindrical steel tank 24 ft high by 21, 5 ft in dia,
with four fans in the ceiling, The chamber is enclosed in an
air-conditioned building,

I
6. 1 G S SERIES

To establish the range of cloud densities which can be assessed by the
photoextinction technique, a series of varying size spherical explosive
devices was fabricated with constant filler-burster mass ratios of -- 6-1.
Silica powder, MinusH-10 (Pennsylvania Glass Sand Corporation) was
used as the filler. The Harner and Musgrave method was used to reduce
the data resulting in the curves presented in Figure 11, In the higher
density aerosols, the decay curves were initially in the low transmission
range (below 10%). The lack of sensitivity and possibly the hiding factor
caused the shift in the distribution curves toward smaller particles as the

cloud mass was increased. Approximations made from the initial size

distribution of the silica indicate that a minimum transmission for 70 gm
of powder should be "-20%. The earliest measured transmission values

1 to 2 min) fall in an approximate range of 15 to 30% transmission.

Further details of this series of tests are given in Reference 21.
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1 6.2 D B SERIES

To calibrate or compare results from tests in the Aerojet chamber and
those at CRDL, a series of identical explosive-dissemination devices were

used in both facilities. Granular sodium chloride ground to a powder with
an MMD of - 40 was used as the filler in the devices. The explosive

devices were spherical with a central burster. The parameter variables

resulted in filler-burster ratios of from 0. 65 to 8. 2. A more detailed
description of the experiments is given in Reference 21.

I In these tests the photometric measurements made were in a transmission

range of good sensitivity since the particle size is considerably larger
than the silica in the GS series. However, the large particles had a higher

settling velocity indicating that the measurable portion of the decay curve
represented a substantially lower percentage of the initial particle mass

i. e., the large particles settled past the light beam in the first minute orI two before recordable measurements could be obtained.

The transmission decay curves for the series are shown in Figure 12.
At In Figure 12, the duplicates correspond to the input mass and the data

are generally reproducible.

From microscopic observations it appeared feasible to set a maximum
particle size and extrapolate the curves by the Harner and Musgrave

method. The curves generated for duplicate shots are presented in
Figures 13 through 16. The averages of the duplicates are compared in
Figure 17. Calculation of the curves could not be calculated by Michaels-

Millipore method due to anomalies in the Millipore results.

Although this assessing method measures the aerosol during actual decay,

these results were compared to those obtained by micromerograph and
the Mine Safety Appliances (MSA, Particle-Size Analyzer. These three
methods generally gave similar values. The reproducibility of the photo-

I extinction data suggests a satisfactory relative comparison of experiments.

1 6.3 PX SERIES

Experiments were carried out in which liquids were aerosolized by

injection into a hot-gas stream. A solution of - 60 gm Uvinul, (2, 6-
dihydroxybenz ophenone) in Bis, [bis,-(2-ethylhexyl) hydrogen phosphite]
were injected into a controlled stream of hot gas directed into the

j aerosol chamber. Three different sets of parameters were employed to

compare reproducibility and trends using the photoextinction technique.
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The Harner and Musgrave method was used for the calculations since
no Millipore filter samples were taken. Figures 18, 19, and 20 show the
resulting size distribution curves. Conditions 1 and 3 employed single
injectors while Condition 2 used a triple injector system. Results using
the triple injector show somewhat higher variation than that exhibited by
the single injectors. Curves for each condition (1, 2, and 3) are replicates
except for stirring where designated.

The difference between stirred- and still-settling conditions does not appear
to be the cause for the spread in results. The data are not extensive
enough to support strong conclusions regarding specific parameters; how-
ever, the reproducibility of the size-distribution curves indicates consid-
erable promise for application to aerosols generated by hot and cold gas
"dissemination techniques. The small size of the particles and relatively
low density of the liquid provided favorable parameters for the photometricj measurements of the major portion of the mass input.

6.4 FP SERIES

Other tests were performed with silica (Reference 21) for comparison of
settling conditions and data reduction techniques. Spherical explosive
devices were constructed containing 60 to 70 gm of silica powder, Minusil-
10, having an MMD of 6. 5 to 7. 5 ýt for the unshocked material as deter-
mined by MSA and Micromerograph. The explosive weight gave a filler/
burster ratio of -- 5:1.

The Harner and Musgrave method was applied to the test results giving the
curves shown in Figure 21. With the exception of one test, the distribution
curves show good reproducibility for both stirred- and still-settling methods.

Two of the tests for still settling are compared by both data reduction
methods (Harner and Musgrave and Michaels-Millipore) in Figure 22. Two
tests are compared similarly for stirred-settling condition in Figure 23.
These results show the general agreement between stirred- and still-
settling conditions. The two data reduction methods also correlate

j satisfactorily for these tests.

Another series of experiments with silica was conducted to investigate the
j effect of silicone coatings on the size distribution of agglomerates after

aerosolization. The explosive devices were similar to those in the FP
series. Using the Harner and Musgrave method, the distribution curves
were determined for three treated and three untreated silica fillers.

Iwr
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The plots are illustrated in Figure 24. No trend is indicated due to the
surface coating of the particles. The reproducibility appears to be rather
good with only minor variations in individual curves. In contrast, the
same transmission data were reduced by the Michaels-Millipore procedure.
The curves, shown in Figure 25, exhibit a considerably greater spread
particularly in the large particle end of the curves.

The constant hiding factor used in the Harner and Musgrave method is

greater than Rose's coefficient for the larger particles, This difference
tends to minimize distribution curve perturbations in the larger particle
areas in the Harner and Musgrave technique as compared to the
Michaels-Millipore method, Also, in normalizing with the Millipore
factor, small variations in the filter weights tend to magnify the mass

correction in the large particle portion of the curve. However, assuming
a representative Millipore factor and accurate light transmission meas-
urements, the perturbations of the curves may be more indicative of the

aerosol size distribution, The Harrier and Musgrave method on the other
hand minimizes some of the perturbations and thus yields curves that are
more convenient to compare on a relative basis.

How the results from the photoextinction measurements compare with decay
curves obtained with Millipore filter should be noted. Average size distri
bution curves for Tests FP-I. -2, and -5 comparing the two data reduction

techniques for photoextinction and the Millipore filter method are shown in
Figure 26. The curves appear to agree in these tests, however, discrepan.
cies have been found in other tests. Generally, it is felt that the major
derivation is caused by variations in Millipore data during thc early sampl-
ing period This is probably due to inhomogeneity of the cloud since, even
with the mild stirring used, it requires time to blend the particle concen-
tration gradients.

A comparison of the photoextinction results with other size distribution
methods such as the MSA and micromerograph particle analyzers, has
not been included in this report. The handling procedures in sampling
and operating this particle. sizing equipment would be expected to alter

the distribution markedly from the airborne cloud. Therefore these
methods would not aid in comparing measurements of the actual aerosol.
These techniques are useful in comparing particle sizes and for trends
with parameter changes and are not necessarily related to the airborne
cloud.

i
i
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7. CONCLUSIONS

It has been demonstrated that the photoextinction method can be a useful
tool in studying aerosols in large test chambers. At this stage, the
method would appear limited to relative comparisons of particle-size
distributions since there are numerous factors such a;3 agglomeration and
convection currents which can not completely be accounted for with
practical data reduction applications. Also, a particle's conformance with
Stokes' and Beer's laws is limited beyond specific size ranges. Experi-
mental conditions affecting homogeneity of the aerosol are of critical
importance. Stirred settling produces more consistent results and
increases the capacity for measuring the decay of larger particles in the
early settling stages. However, from the experimental results it is
recognized that the stirring may have a slight, although small, effect on
the size distribution results. The procedures, as employed for the
reported particle-size determinations, may be improved by further
studies to attempt to more closely establish absolute particle sizes.
Michaels- Millipore approach should offer the best opportunity to deter-
mine absolute particle size; however, the reproducibility by relative
methods has given more consistent correlation. In this respect, the
Harner-Musgrave approach should be useful in determining the qualitative
effects of various parameter changes in experiments. The use of trans-
mission curve extrapolations to estimate (or calculate) maximum particle
sizes with the incorporation of Rose's extinction coefficient and the
logarithmic function is the most theoretically justifiable technique
considered in this study. Calculations made from best-fit polynomial
data cause no significant shifts in distribution from extrapolated tech-.
niques except in cases where several experimental points are out of line.
These perturbations in the curve should be significant, unless inhomo.
geneities are responsible, and therefore, they should be included in the
size distributions calculated. The inhomogeneities should be dealt with
through improving the stirring of the chamber or preparing more
consistent dissemination devices. Empirical methods for calibrating
the photometric system may offer the best possibility for correlating data
"with absolute particle sizes.

i
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8. RECOMMENDATIONS

The following recommendations are made for continuing the development
of the photoextinction particle-size assessment technique:

a. Improve instrumentation by better collimation of the light beam

with a suitable optical system, modify the electrical
apparatus to ensure controlled power input, and redesign the
"photoreceiver and light source housing units to improve mechanics
of operation.

b. Conduct additional calculations on available data, along with new
data, to more completely evaluate correlation of data reduction

j methods. The data presented in this report suggest certain
conclusions that should be supported with further results or
modifications in calculations. The Michaels-Millipore method for
example, should include duplicate or triplicate filter samples to
ensure reliable Millipore normalizing factors. This should be
compared with the Harner and Musgrave approach applying also
the logarithmic function of Beer's law and Rose's extinction
coefficients.

c. Methods for improving homogeneity of the aerosols with controlled
stirring should be further studied. Effective height factors in the
Stoke's equation should be considered for specific parameters of
dissemination devices.

d. Enpirical calibration of the assessment apparatus may be made
using standard spherical particles. Nonexplosive dissemination
techniques and antielectrostatic coatings may help minimize
biases due to agglomeration.

e. Tests should be conducted with other materials to determine if
factors such as refractive index, light scattering, and particle
shape impart significant variations in the system used.

I
I
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