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ABSTRACT

Under sponsorship of the United States Air Force an 

investigation was undertaken to obtain experimentally the 

monochromatic mass extinction and the monochromatic mass 

scattering coefficients for several real substances dis­

persed in air. These substances were aluminum oxide powder, 

carbon powder, carbonyl iron, glass beads, and silica powder. 

Curves of the normalized axially-symmetric conserva­

tive scattering functions for each powder are plotted as a 

function of the polar angle into which energy is being scat­

tered for each wave length investigated. Also included are 

plots of the experimentally determined mass extinction coef­

ficients (P) and the ratio of or/g for each powder.

Tables of the integrated axially-symmetric conserva­

tive scattering functions for aluminum oxide powder only are 

also included. These functions were calculated using the 

finite difference method.
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ANGULAR DISTRIBUTION OF SCATTERED 
INTENSITY FROM VARIOUS AEROSOLS

CHAPTER I 

INTRODUCTION

Since the initial space probes and satellites were 
designed, there has been an increasing interest in more de­
tailed knowledge of the radiation properties of a polidis- 
perse media. This interest has been primarily prompted by 
the need for more accurate predictions of the thermal bal­
ances of spacecraft which includes the region surrounding 
the vehicle that contains high temperature particles of 
ablative material. In particular, precise knowledge of the 
angular monochromatic scattering function, mass scattering 
and extinction coefficients and the spectral absorption and 
emission coefficients of these polydisperse particles will 
be required if accurate thermal balances are achieved.

Thermal energy affecting the temperature of a space­
craft in flight is derived from two sources--(i) energy 
generated internally, and (ii) absorption of incident radi­
ation from the sun and other celestial bodies. Radiation 
from the background of space itself is negligible, since its

1



2

effective temperature is so low as to be insignificant. 

Therefore, temperatures encountered by spacecrafts are de­

termined by an energy exchange between these two sources.

By establishing and maintaining a proper energy bal­

ance between absorbed solar radiation and the radiant energy 

emitted from the vehicle to space, almost any required tem­

perature within the vehicle may be readily maintained. This 

balance, then is a function of the optical properties and 

the temperature of the exterior of the spacecraft. Further, 

there are two spectral regions of major interest, one be­

tween approximately 0.3 micron and 3 « 0 microns, where over 

98 per cent of the sun's energy is emitted (111)^, and the 

other beyond 3.0 microns, a region in which a spacecraft 

operating at a moderate temperature emits more than 99 per 

cent of the emitted thermal radiation.

The exact calculation of the angular distribution of 

the intensity of .light scattered by an element of mass illu­

minated by a parallel beam of light is extremely complex.

For spheres, this calculation has been carried out by Mie; 

using Van de Hulst's formulation of Mie's equations (1^5), 

the intensity scattered per unit of solid angle and per unit 

area of cross section of the particle may be expressed in 

terms of ct = 2 TT r ( w h e r e  r is the radius of the spherical 

particle and 'X is the wave length of the incident light in

raphy.
^Numbers in parentheses refer to items in bibliog-
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the medium surrounding the particle), the relative refractive 

index m, and the angle 9 between the direction of propagation 

of the incident and scattered beam.

Accounts of "Mie’s theory" are so readily available 

(l4^), that it will suffice here to give only the barest 

outline. Mie gave his solution in series form. The terms 

thereof correspond to the electromagnetic waves scattered by 

a sphere due to an incident plane electromagnetic wave. The 

movement of free and bound electrons in the sphere that is 

induced by the incident wave gives rise to radiation that is 

decomposable into dipole, quadrupole, and higher radiation, 

each described by a partial wave.

This general theoretical solution by Mie covers the 

behavior of spheres of all sizes and colors. For very small 

spheres of colorless matter his solution reduces to that 

given by Lord Rayleigh (89). For large particles such as 

those occurring in haze, smog, and fog, where particle diame­

ters may range from about 0.1 micron to over 100 micron, the 

"Mie scattering theory," for colorless spheres reduces to 

the rainbow phenomena which can be deduced by geometric 

optics. Application of this theory to atmospheric scattering 

involves the classification of particle size and index of 

refraction by statistical methods. The "Mie scattering 

functions," which are converging infinite series, have been 

calculated on electronic computing machines, for a wide 

range of particle sizes and refractive indexes and are
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available in tabular form (56).

Atmospheric scattering by large particles, unlike 

Rayleigh scattering which is strongly wave length dependent, 

is nonselective or independent of wave length. It also as­

sumes negligible absorption, and is applicable therefore to 

the intervals of negligible atmospheric absorption.

In the atmosphere, transmission of infrared radiation 

is reduced or attenuated by both absorption and scattering, 

which occur together. Absorption may be much greater than 

scattering, or vice versa, depending upon the nature of the 

atmosphere, the particle size, and the wave length .considered, 

but both phenomena are present. Furthermore, the combined 

sum of percents of absorption, scattering, and transmission 

always totals 100. The combined total of the absorption and

scattering coefficients is often referred to as the extinc­

tion coefficient. Thus, for a given wave length

I = Iq e"(ka+ks)d = e"^e^ .

For particles smaller in diameter than the wave length 

of the incident radiation, Rayleigh's law indicates that 

spectral radiance due to scattering decreases rapidly with 

increasing wave length. Under these conditions Rayleigh's 
law states that

Is = %okv2

where I g = intensity of scattered radiation

Iq = intensity of incident radiation

V = volume of the scattering particles
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'X= wave length of incident radiation 

k = a constant 

This shows that visible light is scattered more than 

the longer-wave length infrared radiation. This also ac­

counts for the blue color of the sky, since scattering by 

the earth’s atmosphere is greater at the blue end of the 

visible spectrum. The red and yellow coloring of sunsets 

and sunrises is due to increased scattering of the longer- 

wave lengths in the visible spectrum caused by particles of 

dust and smoke and the longer path length near the horizon.

In the infrared spectrum, scattering is greatest in the near- 

infrared region adjoining the visible spectrum, and decreases 

rapidly for longer wave lengths. The Rayleigh scattering 

theory is limited however, to scattering by particles whose 

diameters are considerably smaller than the wave lengths of 

the incident radiation. Thus, in the visible region of the 

spectrum, Rayleigh's scattering theory applies to molecular 

scattering.

For particles of diameter greater than the wave length 

of the incident light however, Mie's equations are too cumber­

some to apply in their standard form. For these particles 

one or the other of two approximations which have been proven 

to give very accurate results in this region may be used.

The approximations available are those of; (i) Rayleigh and 

Gans (55) (applicable to transparent particles if
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2a(M-l)«l, and (ii) Mecke (l44) applicable if 2a(M-l)»l 

and a>10, approximately). Where M is the complex index of 

ref raction.



CHAPTER II 

LITERATURE SURVEY

In recent years, scores of papers have been written 

in which the scattering properties of perfect spheres as a 

function of both the size and the electrical properties of 

the scatterer have been evaluated. The basic formulas which 

are used are almost without exception referred to as the 

"Mie solution," "Mie formulas," or "Mie theory."

The reason that these formulas are associated with 

the German physicists Gustav Mie in a classic paper pub­

lished by Mie in 1908 (101) in which he developed the spher­

ical harmonic series which describes the energy scattered by 

a perfect sphere due to the passage of an incident plane 

electromagnetic wave in terms of partial electric and mag­

netic waves.

An examination of the literature of the late 1800's 

reveals that the formulas which came to be known as the "Mie 

solution" were first presented in a memoir published by a 

Danish physicist Ludwig Lorenz in I890 (88), in which he 

solved the vector-wave equation by using a pair of potential 

functions which are identical with the Debye potentials
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which are said to have been first introduced by P, J. Debye 

in a paper published in 1909 (29).

Most authors seem to be aware of the fact that the 

solution of the boundary value problem for the scattering of 

acoustic waves by a perfect sphere was first given by Lord 

Rayleigh in 1872 (89). However, it is apparently not well 

known that Lamb (84) acknowledged that his vector-wave solu­

tion of 1881 (or, its equivalent, the Lorenz - Debye poten­

tial), had been discovered by Alfred Clebsch as early as 

1861. Clebsch showed how to solve exactly, for any ratio 

of particle size to wave length, the problem of determining 

what, in modern vector terminology, is known as the dyadic 

Green's function for the elastic wave equation for the case 

of a perfectly rigid sphere.

In 1962 Rudolf Penndorf (II6 ) developed a series of 

approximation formulas for small spherical particles in ab­

sorbing and nonabsorbing aerosols in which the radius of the 

spherical particles contained within the aerosols are much 

smaller than the wave length of the light under considera­

tion. These formulas were derived by using the spherical 

harmonic series expansion of "Mie's theory" and they give 

the total scattering coefficient K for real, complex, and 

infinite indices of refractors. Thus, by using these ap­

proximation formulas one is able to calculate the scat­

tering and absorption coefficients faster than by using the 

"Mie formulas" with an error of less than 10 per cent.
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Also, in 1962 Penndorf (ll4) by using the cross 

section theorem, developed an approximation formula for the 

scattering of light in the forward direction which proved to 

be valid for perfect spherical particles contained within 

aerosols if the radius of the particles in question were 

larger than the wave length of the incident light* This 

function is called the approximated phase function pM* and 

is equal to where K is again the total scattering coef­

ficient developed by Mie and a is the size parameter of the 

aerosol and is equal to ZIYrf'X . The limit however is that 

oc must be greater than 5.0,

J, R. Hodkinson and I. Greenleaves (69) in I963 pre­
sented a series of graphs which would enable one to make 

quick estimation of the scattering and extinction of light 

by a media of transparent spheres. These graphs are based 

on the external reflection and transmission of light geo­

metrically incident on the spherical particles and scattering 

by classical diffraction.

The index of refraction for these particles ranged 

from 1.10 to 2.00. Their investigation for scattering angles 

up to 4o degrees proved that if the particles were 3 or 4 

times larger than the wave length of the incident light, and 

if the particle size range was 2:1 so that phase effects 

averaged out, the scattering and extinction coefficients 

calculated using their graphs agreed well with the scattering 

and extinction coefficients calculated directly from "Mie's



10
theory" and by the diffraction approximation of Gumprecht 

and Sliepcevich (56), Thus, from their investigation they 

concluded that their results should also hold for irregular 

particles and to some extent with nontransparent particles.

Measurements of the optical scattering coefficients 

of the atmosphere at ground level and altitudes up to l4,000 

feet have been made by Crosby and Koerber (26). In their 

work they used an integrating nephelometer. The principle 

of the nephelometer is as follows: a ray of light from a

FA. 10 electronic flash tube transmitted by an opal glass 

window is passed through the conical view of a photometer.

The light is scattered by atmospheric particles (dust, smoke, 

water droplets, and air molecules) and some of the light is 

then directed toward the photometer at some angle p. Since 

the light source is a plane diffuse source, light scattered 

by the particles from the other rays of light is also re­

ceived by the photometer at some other anle 0 ’. Then by 

knowing the radiant intensity along the normal to the light 

source, the scattering coefficient is determined.

From the comparisons of results obtained for the case 

of homogeneous spherical scatterers by Born's approximation 

with those of the exact analysis obtained by Mie's formulas,

F. A. Albini (2) concluded that consistent application of the 

Born approximation to the case of inhomogeneous spherical 

particles will give accurate values of the differential and 

total scattering cross section. Also, Albini concludes that
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Born's approximation is not restricted to perfectly spheri­

cal particles as are several of the other approximations. 

However, at the present this has not been proven.

In 1961 Curcio (27) was able to determine the particle 

size distribution for atmospheric aerosols by using measured 

values of the monochromatic scattering coefficients in the 

wave length region of 0.4o micron to 2.27 micron. From this 

investigation Curcio found that aerosol size distribution is 

in error if calculations are based only on extinction and 

scattering measurements in the visible region. Thus, for 

size distribution of atmospheric aerosols extinction and 

scattering measurements in the infrared region are required 

along with those made in the visible region of the spectrum.

Durmendjian, Clasen and Viezee (32) in 1961 developed 

a new set of exact Mie functions which are related to the 

scattering of electromagnetic waves on dielectric and par­

tially absorbing spheres. By means of an IBM - l4lO computer 

system numerical results for particles having complex indexes 

of refraction and size corresponding to atmospheric particles 

illuminated by visible and infrared radiation are given.

Their investigation also includes diagrams on the effects of 

an increase in absorption indexes on the extinction and ab­

sorption cross section and the intensity of the scattered 

flux.

In the last few months, Fraser (^5) has published a 

paper which deals with.the specific intensity and polarization
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of sunlight that is scattered by the surface of the earth 

due to an overlying aerosol. The data presented in this 

paper is valid only for moderate optical thickness ('Jf < 0 .25). 

Fraser assumed that the incident light is parallel and the 

light falling on the earth’s surface is reflected by the 

earth’s surface.

Stein, Welson, and Stidham (131) in their work, ex­

tended the Rayleigh - Gans approximation theory (55) for 

light scattered by homogeneous spheres having an internal 

heterogeneous density. These internal heterogeneities are. 

described by a Debye-type exponential function. By consid­

ering the effects of internal heterogeneities, their scat­

tering results consisted of a sum of two terms; one 

representing the contribution from the homogeneous spheres 

and the second representing the contribution to the scat- . 

tering intensity caused by the internal heterogeneities.

Their predicted results were found to have the same trends 

as the scattering intensity measured experimentally for 

heterogeneous spheres.

Speyer (130) designed and built a cloud chamber for 

measuring the various optical properties of aerosols. In 

his paper he explains the design of the optical system, the 

cloud chamber, and two radiation detector systems. He also 

explains the procedure for determining the transmissivity vs 

distance measurements and the scattering vs transmissivity 

measurements along with the method used in calculating the



13
absorptivities of the aerosols.

Recent work by L. M. Romanova (122) describes the 

angular spatial scattering or radiation in plane layers of a 

homogenous turbid medium with a pronounced forward scattering 

index. In his paper he gives experimental and theoretical 

data for a turbid medium of nearly spherical dielectric par­

ticles which have a refractive indices slightly different 

than unity and are dispersed in a solid medium. Polarization 

effects were neglected. His experimental and theoretical 

data is compared with experimental measurements made by 

Limofeeva (138) upon whose work Romanova theory is based.

A. P. Prishivalko (119) in 19^2 studied light scat­

tering from large highly absorbing spherical particles by 

the geometrical optics approximation. Since in his paper 

scattering is completely determined by the reflection of the 

incident light at the surface of the particle; Prishivalko 

explains in detail the dependence of the scattering diagrams, 

the degree of polarization of the scattered light, and the 

scattering coefficient on the optical constants of the scat­

tering particles. In comparing his work to that of Fedorova 

(^0) and Pribytkova (118), Prishivalko found his results to 

be in agreement if they were multiplied by a correction 

fa-ctor. The reason for this correction factor is that 

Fedorova and Pribytkova measurements were made using par­

ticles having the shapes of splinters rather than spherical 

shapes.
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A. P. Ivanov (71) presented in I962 a theoretical 

study on the phenomena of opacity decrease, luminescence, 

amplification and self-excitation as a function of the opti­

cal characteristics of light scattering substances. He dis­

cussed in detail the effects that a positive absorption 

coefficient has upon the reflection and transmission in a 

dispersing layer and the effects of light being generated in 

a dispersing media and the influence that heterogenetics 

have upon energy generated by particles having a negative 

absorption coefficient in plane-parallel layers. His results 

showed that the intensity of the energy generated due to 

this negative absorption coefficient is more intense in scat­

tering substances than in nonscattering substances and that 

for the self-exciting system of plane-parallel layers that 

contain inhomogeneities there is a maximum value for the 

intensity of the energy generated.

Wyatt (150) in the last few years has written several 

papers on scattering from inhomogeneous particles or objects 

that are spherically symmetrical (l48, 1^9). In 19&2 he 

solved Maxwell's equations in terms of transverse magnetic 

and transverse electric fields. The two potential functions 

that describe these fields were reduced to those used by Van 

de Hulst (l44) who worked with the similar case of uniform 

refractive index. However, this exact theory was derived 

earlier by Nomura and Takaku (110).

In Wyatt's theory the equations were solved for an
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inhomogeneous sphere by a numberical method. The only as­

sumption made was that the optical properties and their first 

derivatives are continuous throughout the scatterer with a 

possible exception being at the outermost surface. Also, in 

this theory the refractive index was presented in a special 

form as a function of the radius of the sphere.

Wyatt's theory has a great variety of possible appli­

cations. A few of the more important ones are problems that 

are concerned with an accurate description of the transition 

region within spherical scatterers such as dimetallic par­

ticles, microwave scattering from plasma surrounded re-entry 

vehicles, soft x-ray scattering, scattering from planetary 

atmospheres, and radiowave scattering from plasmoids such as 

nuclear bursts. In addition, the general theory would sim­

plify the physical calculations of determining the scattering 

coefficients associated with multi-layer concentric spheres.

Levine and Kerker (87) used the general theory for 

light scattered by spherically symmetric inhomogeneous ob­

jects derived by Wyatt for a particular model. This model 

consisted of a central core which had a uniform refractive 

index and a surrounding shell having a refractive index 

which varied with the radius of the sphere according to some 

power law. The medium surrounding the shell also had an 

uniform refractive index.

A problem similar to this was solved analytically by 

Nomura and Takaku (110). Thus by combining the work of



16
Wyatt and Nomura and Takaku, Levine and Kerker were able to 

obtain an analytical solution. The scattering coefficients 

given in the results are in a form similar to that used by

Aden and Kerker (l).

Van de Hulst (l44) states that the oscillatory Mie 

theory extinction coefficient curve for a single spherical 

particle would be a much smoother curve for a polydisperse 

media of transparent spheres. The new curve would rise from

zero to a maximum value of about 3 where the mean particle

diameter was in the neighborhood of 2 "X/tT (M-l) and then 

decline smoothly to a constant value of 2 as the mean par­

ticle size increased. Hodkinson (68) in his experimental 

work with transparent irregular particles that were larger 

than 2 or 3 wave lengths of light did not find this to be 

true. A plot of his data showed that the total extinction 

coefficient increased monotonically from zero to a constant 

value of two as the mean particle size increased. Hodkinson 

contributes the absence of the maximum point that Van de 

Hulst stated would be found in a plot of Mie's extinction 

coefficient for a polydisperse media of transparent spheres 

to the superposition of the results of many individual 

particles of various shapes, orientations and sizes.

Napper and Ottewill (108) in working with four mono- 

disperse polystyrene latex dispersions of different diameter 

particles, found that multiple scattering would be present 

unless the distance between the centers of the spherical
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particles was greater than 200 times their radius. From 

their results they also state that for particles whose size 

fall within the Mie region of light scattering that the 

scattered intensity at any given angle may not be directly 

proportional to the number of scattering units. However 

this may not be true for all wave lengths because in their 

experiment the only wave length involved was 5>^6l A.

Napper and Ottewill worked with the four different 

dispersions and the size of the particles used varied from 

0.264 micron to 1.171 microns. The concentration per unit 

volume was determined by particle counting using optical 

microscopy and thç average distance between particles was 

then calculated from the concentration.

Much work has been done in the last year on deter­

mining the size of particles by light scattering techniques. 

Maron, Elder, Ulevitch, and Pierce (93j 94, 95j 9^, 97) have 

published five papers in which five different theories and 

test procedures are discussed. They also present the results 

"for an extensive number of latex systems of varying particle 

size and degree of size distribution. The method used in 

the first four papers utilizes absorption of incident light. 

In the last paper the electron microscopy is used to deter­

mine the polarization ratio at 90 degrees and thus the 

particle size. However in all five papers various light 

scattering techniques are used.



CHAPTER III

DEVELOPMENT OF THE TERMINOLOGY AND EQUATIONS

For the development of the terminology and equations 

used within this report, the author has elected to use the 

symbols and definitions that were utilized by Love (89).

It has been shown experimentally that when a pencil 

of rays from a light source is’ passed through certain media 

its intensity will decrease. This decrease in the intensity 

of the light ray is called extinction.

There are two factors which account for this decrease 

in intensity. One is that a small portion of the energy 

will be absorbed by the matter which is within the media.

The second factor is that a portion of the incident energy 

may be reflected, refracted or diffracted by the matter and 

redistributed or scattered. If the energy were absorbed, 

it will cause an increase in the internal energy of the media, 

which in turn may remit energy at a different wave length.

If the media redistributes or scatters the incident energy, 

the scattered energy like the reemitted energy may be at a 

different or possibly the same wave length as the incident 

energy. If the media scatters the incident energy at the

18
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same wave length as that of the incident energy, the effect 

is called coherent scattering.

Coherent scattering may also be independent scat­

tering, Since coherent scattering only indicates the wave 

length at which energy is reemitt or scattered whereas inde­

pendent or multiple scattering indicates whether the scat­

tering,media causes the wave lengths of the remmitted or 

scattered energy to interfere with each other due to the 

density of the scattering media. Independent scattering 

prevailed throughout the work as will be verified in a later 

chapter.

There are several ways of expressing the mass extinc­

tion coefficient, the mass scattering coefficient and mass 

absorption coefficient. The most direct way is as follows: 

consider a media which has a mass per unit volume p and a 

thickness Ax. Let Iq (x ) be the intensity of the incident 

monochromatic energy that is traveling in the x-direction.

Let I(x) be the intensity of the monochromatic energy which 

is leaving the media after traversing through the media a 

distance Ax. As was mentioned earlier, energy when traversing 

certain media may be either scattered, absorbed or both.

Thus one may account for the difference in Iq {x ) and I(x) by 

writing the equation

ip(x) - i(x) = + p(or +Tf ) %o(x)Ax (1)

or

m -
+ P 9 A X (2)
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The negative sign indicates a decrease in Iq (x ) in the 

positive x-direction,

where "X = monochromatic mass absorption coefficient 

= monochromatic mass scattering coefficient 

6 = (k+cp) = monochromatic mass extinction coef­

ficient.

The energy which is scattered from a pencil of rays 

will effect the intensity of radiation in other directions. 

Therefore, equations other than equations (1,2) are required 

to completely describe the phenomena known as radiation 

scattering.

In order to fully account for the effect of radiation 

scattering, a means for describing the scattering of energy 

as a function of the incident and scattering angle is re­

quired. Referring to Figure 1, the rate at which energy is 

scattered by an element of mass dm from a pencil of rays of 

which the intensity is 1 ( 0 , is

I(8,p)S(9,p,8'p') dV duu dm = l(0',p*) (3)

where 1(9,0) = intensity of a pencil of rays with a frequency

interval (dV) having a direction 9,0 with 

respect to an arbitrary reference direction 

contained in a solid angle (du)), 
dtu* = solid angle into which energy is being scat­

tered, having a direction 9*,0’ with respect 

to an arbitrary reference direction.
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0 = polar angle,

0 = azimuthal angle,

S(9,0,0',0*) = scattering function defined by equation (3).

Another way to look at the~scattering function is to 

consider the terms

s(e,i6,e',0M ^

as a probability function. This expression then gives the 

probability that energy which is incident on an element of 

mass dm from a direction 0, 0 contained within the solid 

angle dU) having a frequency interval d-ĵ will be scattered 

in the direction 0', 0' having a solid angle dUJ'. Then if 

0 is the probability that the incident energy will either 

be absorbed or scattered or both by the element of mass dm 

and k the probability that the incident energy will be ab­

sorbed by dm, one can readily see that the probability that 

the incident energy is scattered is

('*)

where cr is again the mass scattering coefficient.

As was mentioned earlier if the media absorbs energy 

it will cause an increase in the thermal energy and may then 

be reertitted at a different or possibly the same wave length. 

If the element of mass dm does absorb part of the incident 

energy and this energy is completely converted into thermal 

energy and is then reemitted having a spectral energy



22

Coordinate Scheme for Scattering Function 

Figure 1
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distribution corresponding to the Planck function with the 

same frequency interval as the incident energy; the intensity

of the thermal emission may be written as

I* (T) . -% (T) (5)

where (T) = Planck's function at a temperature T, and

a frequency]/ , for an element of mass dm.

Thus by applying the conservation of radiant energy

for an element of mass, an integro-differential equation 

takes form. This equation may be written as:

dl(S. 9.!
dS

+

= - p P 1(5,8,0) +

J J  ^  S(9,0,e',0')l(S,e,0) Sin9'd9«d0' + pTilbb, (S)

(6 )
where the term on the left is the change in intensity with 

respect to distance. The first term on the right is the 

extinction of the incident energy as defined by the mass 

extinction coefficient. The second term is the energy which 

is scattered in the direction 9', 0' by radiant energy 

transversing the element of mass from all directions. The 

third and last term on the right-side accounts for the radi­

ant energy which is emitted by the element of mass dm.

It should be noted that the scattering function 

5(9.0,9',0') is a normalized function and the mass scattering 

function r  represents an average effect over all directions
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and is not an exact expression for real cases. Also, the 

conservation of radiant energy equation is restricted to 

coherent scattering, because there is no way to acknowledge 

the contribution of energy scattered from other wave lengths.



CHAPTER IV 

EQUIPMENT

The equipment used throughout this experiment was 

designed and built by Wheasler (l4^). Its function was to 

measure the intensity of energy scattered and absorbed by 

a polydispersed system of fluidized particles from a small 

pencil of incident rays. In this case the polydispersed 

fluidized particles were irregular in shape and size and 

were dispersed vertically in an air stream under pressure 

to form a column of fluidized particles bpunded by ambient 

air. The stream tube was a highly polished 0.375-inch I.D. 

aluminum tube which was positioned concentrically through 

a 1.5-inch hole located in the center of a 36-inch rotating 

platform. The rotating platform held the energy sources 

and the source optics. The energy sources were a vertical 

filament tungsten lamp which was used in the 0.6 to 1.4 

micron wave length region and a "glo-bai’" which was used in 

the wave length region from 1.4 to 15.0 micron. The source 

optics consisted of a spherical mirror so positioned that 

one focus was on the energy source while the other focus was 

on the fluidized particles. As the platform rotated the

25
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energy that was scattered by the cloud of particles focused 

by another spherical mirror and a front surface plane mirror 

on the "Littrow Mirror” within the monochromator. The mono­

chromator used was a Perkin-Elmer Model 112, single-beam, 

double pass, infrared spectrometer equipped with an internal 

chopper. Due to the unusually wide spectral range to be 

investigated more than one prism material was required for 

full wave length coverage. The selection of the prism 

materials was based mainly on the wave length to be scanned 

and the low energy level available for detection at both 

the short and long wave length ends of the scanned spectrum. 

For these reasons fused silica was used for the wave length 

of 0.6 to 1.4 micron and sodium chloride for the 2 to 15 

micron region. The monochromatic scattered energy was 

detected by a lead sulfide cell in the short wave lengths 

(0.6 to 1.4 micron) and by a thermocouple in the long wave 

length (2.0 to 15 micron) region of the spectrum. This 

signal was then amplified and recorded on a Leeds and Northrup 

Speed ox strip chart recorder. After the fluidized particles 

were ejected and had passed through the incident beam of 

energy they were collected by a "bell-mouth” attached to a 

Black and Decker industrial-type vacuum cleaner. For 

sampling the stream of fluidized particles a General Electric 

home vacuum cleaner with a filter attachment was used. The 

filter material used was a fiberglass material that would 

eliminate particles down to 0.5 micron and was furnished by
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the Fram Corporation.

For a better understanding of the experimental equip­

ment used, one is referred to figures (2, 3, 4).
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Radiation Scattering Detection Equipment

Figure 3
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CHAPTER V 

THE AEROSOL

The media used throughout this experiment was a poly- 

disperse system. It consisted of particles which not only 

varied in size, but were irregular in shape. Also, for the 

wave lengths at which this experiment was conducted, it was 

desirable that the size range of the particles fall within 

1 to 20 micron, of which 90 per cent be equal to or less 

than 5 micron.

Several different types of powder were used to pro­

duce the desired polydisperse media. They were: Aluminum

powder 40-XD furnished by the Reynolds Aluminum Company, 

Carbonyl Iron powder SF furnished by the Antara Chemical 

Company, Silica powder furnished by the Pennsylvania Glass 

Sand Corporation, Carbon powder type Mogul A furnished by 

the Cabot Corporation, and Glass Beads furnished by the Pall 

Corporation. Each company also furnished a set of specifica­

tions which gave the average and maximum particle size, 

particle density, and the apparent density of the powder. 

However before testing was started, a complete analysis of 

each powder was performed to confirm the information supplied

31
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by the manufactures.

The average particle size was determined for each 

powder by microscopic analyses, using a ^00-power Bausch 

and Lamb microscope, a KE 10 power Unitron Micrometer eye­

piece and a hemacytometer. The actual volume of the dif­

ferent particles was determined by a volumetric displacement 

of a fluid of a known volume and density, thus giving the 

relative density of the particles.

Since the average particle size not only determines 

the concentration of the aerosol but also whether multiple 

or single scattering is involved, several measurements were 

made and the mean particle size used. The procedures used 

are outlined by Robert A. Wheasler and James H. Ingram (l4^). 

The average particle size and average particle density of 

each different powder are given in Table 8.

The flow rate of the air used to produce the aerosols 

varied from 0.80 cfm to 2.50 cfm depending upon the type of 

powder being used. Therefore, for a 0.375-inch ID tube, 

turbulent flow conditions prevailed throughout the experi­

ment insuring that the powder particles were well mixed in 

the air stream. The air flow rate was measured by a Stabil- 

Vis Flowrater, 6-2.55 cfm, manufactured by Fischer and 

Porter, Hatboro, Pennsylvania.

According to Van de Hulst (l44^ the intensity of a 

pencil of rays passing through a sample is reduced by ex- 

tinction to e" of its original value, where 'ZT is the
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optical depth of the sample and is defined as

t  = oJ PBdx = P0X

assuming that p and 0 are constant and x represents the 

distance the rays of energy traveled through the sample. 

Thus, with this definition of the optical depth; Van de 

Hulst states that i f 'ÎT < 0.1, single scattering prevails. 

Boll and Sliepcevich (11) found from experimental results 

that single scattering will exist if the log of Iq/i is less 

than approximately 2.5 to 3» and the half-angle reception,

9, for the light received is less than about 1 degree to 

1.^ degree. Using the above mentioned definition of single 

scattering, several experimental runs were made to determine 

the mass flow rate of the different powders and the rotor 

speed of the particle generator which would give the maximum 

value of Algxt. still be within the limits defining

single scattering.



CHAPTER VI

PARTICLE GENERATOR

The particle generator used throughout this experi­

ment was not the same generator that was designed and used 

by Wheasler (l4?) in his work. However, much of the earlier 

work of Wheasler*s was incorporated in the present design. 

Wheasler's design did not give a uniformly dispersed aerosol 

for powders other than aluminum and in some cases (iron and 

silica) would not work at all. As was mentioned earlier the 

main criteria of the generator design was that it be able 

to produce a cloud of particles for a given period of time 

which has a constant density within preset limits.

A general description and principle of operation of 

the generator follows.

The particle generator consisted basically of a stir­

ring or mixing chamber, rotor or stirring paddles, a screen 

or sets of screens, an AC constant speed motor, and a dis­

persion chamber. The stirring or mixing chamber was a copper 

tube which is 6 inches long and has an inside diameter of 

2 inches and screws into a 2 x 1 - inch sweat fitting with 

the other end of the mixing chamber having a cap plug on it
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for refilling the chamber. The 2 x 1 -  inch sweat fitting 

was silver soldered to the "plugged" side of a 1 inch copper 

"tee" which served as part of the dispersion chamber. A 

3/l6-inch brass shaft was then passed through the mixing 

chamber and dispersion chamber and was used to turn the 

stirring paddles. To insure against leakage an "o-ring" 

seal was placed on the shaft as it passed through the dis­

persion chamber. The stirring motion was obtained by means 

of a T/100 horsepower constant speed electric motor. To 

control the speed of rotation which directly governed the 

density of the aerosol, the power train between the motor 

and the stirring paddles was connected by a variable speed 

transmission and flexible couplings. Before the powder can 

pass from the mixing chamber or stirring chamber into the 

dispersion chamber it must pass first through a screen or 

series of screens, of which the size and number of screens 

depends upon the type of powder being used and the desired 

density of the cloud.

One advantage of this design is that in controlling 

the density of the cloud, there are three variables any one 

of which may be changed to give the desired density. They 

arë" screen size, stirring paddle speed, and the flow velocity 

of the air. This author did not find in any of the available 

literature a means for calculating screen size or mixing 

paddle speed that would give a preset mass flow rate of pow­

der through a screen or series of screens. Therefore, before
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a data run was made a test run was always made and the 

screen size, mixing paddle speed, and flow velocity of the 

air was determined which would give a given mass flowrate 

by trial and error methods.

For a better understanding of the particle generator 

described, one is referred to figures (5, 6, ?)•
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CHAPTER VII

EXPERIMENTAL RESULTS

The experimental data consisted of chart recordings 

of the signal from the lead sulfide cell or thermocouple of 

the monochromator as a function of the particle cloud density, 

angle of observation, and wave length of the radiation. 

Measurements consisted of a recorded signal with and without 

the cloud, combined with measurements of the particle dia­

meter, and cloud density.

Extinction Coefficients

Extinction measurements were made on all five aerosol 

powders in 0,1 micron intervals over wave lengths ranging 

from 0,6 to 1,4 microns, in 0.5 micron intervals between 

1.5 and 3.0 microns, and in 1,0 micron intervals between 

3.0 and 15.0 microns. The following procedure was used to 

calculate the mass extinction coefficients. The incident 

energy intensity Iq(x) at 6 = 0 and with the particle genera­
tor turned off was first recorded on the strip chart (see 

Figures 8, 9) for a particular wave length setting. After 

several runs were made of the incident energy to determine 

whether the recorder was balanced and if the energy level

k>0
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Data Extinction

Figure 9
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was constant, the particle generator was started. The ab­

sorption and scattering of the incident energy caused by 

the cloud of particles reduced the incident energy Io(x) to 

I(x) their difference being Al(x). In equation 2 to cal­

culate the mass extinction coefficient, the mass per unit 

volume p, of the aerosol and the distance Ax which the in­

cident energy traveled in passing through the aerosol must 

be known. To determine the mass density a "bell mouth" 

funnel which contained a filter was placed completely over 

the aerosol discharge tube for a given period of time, then 

by dividing the weight of the aerosol trapped by the filter 

by the sampling time, the mass flow rate was determined.

Since the aerosol was generated by injecting powder into an 

air stream of uniform velocity, the cloud density was found 

by dividing the mass flow rate of solid material by the 

volume flow rate of the air. Due to the method used to 

determine the mass flow rate and the accuracy to which the 

flowrater used to measure the airflow could be read, it is 

estimated that the deviation in density measurements was 

less than 1 per cent. A plate graduated in l/4o inch divi­

sions was placed an inch behind the aerosol discharge tube 

in order to measure the cloud thickness Ax. When the aerosol 

was struck by a ray of light, bright and dark fringe bands 

appeared on each side of the cloud. The average distance 

between these bright and dark fringe bands on each side of 

the cloud was determined as the cloud thickness Ax. In
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general, these measurements were not affected by changing 

the flow rates or the flow ratio over the ranges used, and 

were always reproducible to l/4o inch. The value of the 

thickness found was 0,376 inch.

The extinction data were obtained at each wave length 

a minimum of seven times, and, at some points in the longer 

and shorter wave lengths where atmospheric absorption was 

prevalent, as many as eleven times on separate occasions 

sometimes a full month apart. The values plotted in Figures 

10 and 11, represent the average values of the extinction 

coefficients. For example, the mass extinction coefficient 

for aluminum at a wave length of 3 microns was plotted as an 

average value of 6,891 ft^/lbm. At this particular wave 

length, the mass extinction coefficient was determined eight 

times and had a maximum value of 6,928 ft /ibm and a minimum 

value of 6,849 ft^/lbm. For aluminum at a wave length of 

4 microns, the mass extinction coefficient was determined 

ten times and was plotted as an average value of 5 j263 ft^/lbm 

with a maximum value of 5,317 ft^/lbm and a minimum value of 

5,244 ft^/lbm. The variation in the results for the extinc­

tion coefficients was, therefore, less than 1 per cent. On 

occasional tests the calculated values of the mass extinction 

coefficient at a particular wave length would be as much as 

20 per cent higher or lower than all other calculations made 

at the same wave length. This was always traceable to 

clogging in the particle generator. Therefore, the'Se values
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were not included in calculating the average values.

Scattering Measurements

The scattered radiation measured was energy scattered 

from a well defined axial-symmetric cloud of particles. An 

energy balance over the cloud neglecting emission yields:

"our

in I  ̂ = AI + AI ^ = AI  ̂ / 7)out scatt abs ext ' '

where: ^^gcatt ~ decrease in the incident intensity due to

scattering

Alabs ~ decrease in the incident intensity due to 
absorption

Alext ~ decrease in the incident intensity due to 
extinction.

It was found that emission could be neglected because in­

creasing the particle temperature 4o degrees did not change 

the scattering intensity at 8 = 90 degrees. According to 

the elementary radiation theory, the emissive power would 

increase by 30 per cent for such a temperature change.
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Writing Alg^att ^ unit solid angle with the
limits of integration being the boundary of the hemispherical 

surface gives

1
“ scatt = G T r  Jo Jo is(8') s m e ’de-d^- (8)

Which for the axial-symmetric scattering may be rewritten as

X
Alscatt = t Jo Sln8'd8'. (9)

Beer's law may be written as

= P B A X (10)
^in

or

AI
— = p O" A X (11)

^in

and if p and A x are the same in both equations 10 and

11, then

- 7 p - - " -f ° Â ï ^  W °  Is(8'l Sln9M6-] ■ (12)ext  ̂ "ext

Using the same reasoning and rewriting equation 7

gives

Al . . AI ,scatt X ab s   -# /1 o \
“ ext ~ t  '

or
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From equation 4 and the definition of the scattering 

function S(9',j6) as being that portion of the scattered 

radiation directed into a solid angle duu’ in the direction 

0*, one may rewrite equation 12 for the case of non­
conservative scattering (CT ̂  3) as

Al r ^
scatt , r  [ 1 PixIi„S(9MS')Sine*de-d|6']

Alext ■ S ■ Alext

where for the axial-symmetric case
,2fT

(15)

S(G') - J*o S(8',p) dp'

and

Ig(e») = p A X S(G') .

However, since ^Igxt/^in - P G ^ * equation 15 becomes

vr
AI.
6 # ^  ' f  ' â f U r  lo S(6MSine-de-

which reduces to

S(G')Sin8*d6'. (l6)

Equations 12 and l6 combined with the assumption 

that ûlgxt also a function of 8*, the scattering function 
for the axial-symmetric case is

31 (8') I (8»)
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For the axial-symmetric case of conservative scattering 

(or * 0), the conservative scattering function can be de­

fined as
1.(8')

which may be derived from equation l6 by dividing both sides 

of the equation by :

1 = &Jo 3? S(9*)Sin8'd8'

and setting

S(8')cons - (191

To experimentally determine the angular distribution 

of the scattered intensity Ig(8')» a blank run was first 

made to determine the magnitude of background scattering and 

noise level at different gain settings. After these two 

factors were determined, the particle generator was started 

and the cloud of particles were scanned from an angle of 

180 degrees to approximately 20 degrees at which the scat­

tering intensity was usually of such magnitude as to exceed 

the chart range, especially for data recorded in the lower 

wave lengths. In the longer wave lengths it was possible 

to record the scattered intensity over a larger angular 

range before exceeding the limits of the chart. Therefore, 

for each wave length the scattered intensity was recorded 

for an angular range which remained within the recorder 

range on one gain setting; and the remaining angular range
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to 0 degrees was recorded at a différent gain setting (see 

Figures 12, 13» l4). In this manner data was obtained at 

angles common to both gain setting’s in order to provide 

sufficient information to locate the scattering intensity 

in the neighborhood of 0 degrees.

As one can see in Figures 12, 13, l4 the noise level 

varied with each gain setting, Thus to determine the scat­

tering intensity, the noise level was averaged out.

Considering the change in the gain setting in the 

region from 20 degrees to 0 degrees, it was estimated that 

the accuracy of the scattered intensity Ig(0 ' ) was within 

12 per cent. This is a conservative value based on the 

maximum difference between traces taken on several different 

occasions. Since the decrease in the incident intensity 

due to scattering ^^scatt represents the area under the 
I g ( 6 * )  curve, the values of the decrease in the incident 

intensity due to scattering used to calculate the ratio of 

the mass scattering coefficient to the mass extinction coef­

ficient will also have a deviation of + 12 per cent. This 

occurs because 80 per cent of the area under the lg(0') 

curve lay between the angles of 0 and 20 degrees.

For a given wave length, data for the distribution 

of angular intensity was obtained a minimum of four times, 

with some wave lengths in the longer and shorter regions of 

the spectrum being observed as many as eight times. The 

results were obtained in random order on different days.
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Data Scattering 
Figure 12
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Comparison of the distribution of angular scattered intensity 

for a given wave length on different occasions indicated 

the reproducibility was within 12 per cent. It was impos­

sible to generate the same aerosol density, and the distri­

bution of angular scattered intensity would not have 

identical values. Since conditions for single scattering 

phenomena were always maintained the relative shape were the 

same independent of the mass density of the aerosol.

The ratio of the mass scattering coefficient to the 

mass extinction coefficient was calculated for all five 

different aerosols using equation 12, These results are 

shown in Figures 15, l6, 1?> 18, 19, There was a possible

deviation of + 12 per cent in these ratios due to Al ..,— ^ scatt
In calculating the decrease in incident intensity due to 

scattering from equation 9 one would need to know the 

mathematical expression for 1^(9') in terms of 9* if direct 

integration were to apply. To overcome this obstacle, the 

decrease in incident intensity due to scattering was cal­

culated by the finite difference method. By letting 

d9 = A9 = ^/l80 radians, equation 9 becomes

1 18 0
A^scatt " ^ IsfGwfSin&Q . (20)

As was mentioned earlier, the ratio of the mass scat­

tering coefficient to the mass extinction coefficient was

calculated using equation 12
_  AI<r _ scatt (12)
3 AIe x t
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However, since the decrease in intensity due to extinction 

was determined for a given mass density and cloud thickness, 

equation 12 implies that Alg^^tt must also be determined for 
the same density and optical thickness.

Since the decrease in intensities due to scattering 

and extinction were obtained independently, it was impossible 

to obtain the mass extinction coefficient or the decrease in 

intensities due to scattering and extinction for the same 

experimentally measured value of the mass density. There­

fore, before the ratio of the mass scattering coefficient 

to the mass extinction coefficient may be calculated, the 

decrease in intensity due to extinction must be corrected 

to a mass density corresponding to the density at which 

the decrease in the intensity due to scattering was measured. 

From the definition of single scattering, the amount of 

energy scattered will be directly proportional to the density 

of the aerosol. By plotting the ratio of the decrease in 

incident intensity due to extinction and the incident in­

tensity against the mass density for the five different 

aerosols, a set of curves were obtained which showed the 

decrease in incident intensity due to extinction to be 

directly proportional to the mass density. Therefore, if 
the mass density of the aerosol were increased or decreased 

by a given per cent, the change in incident intensity due to 

extinction would also increase or decrease by the same given 

percentage. Thus, by knowing the mass density at which the
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decrease in incident intensity due to scattering was measured, 

the decrease in the incident intensity due to extinction for 

the same mass density could be calculated, and then, from 

equation 12, the ratio of the mass scattering coefficient to 

be the mass extinction coefficient may be calculated.

To summarize the procedure by which the ratios of the 

mass scattering coefficient to mass extinction coefficient 

were calculated, the following outline is given.

1. Algcatt obtained from the numerical integra­
tion of ^

Alscatt = i /  Is<e')Sine'd9-
o

where I g ( 9 ' )  is experimentally determined for a 

particular wave length, aerosol density, and cloud 

thickness.

2. The value for the change in incident intensity 

due to extinction was correct to correspond to 

the same mass density at which the change in in­

cident intensity due to scattering was measured 

by the method outline earlier.

3. Calculate

^  Alscatt
9 Alext

(12)

This procedure was used to calculate the ratios of 

the mass scattering coefficient to the mass extinction coef­

ficient for each of the five different aerosols. These 

ratios are plotted in Figures 15, l6, 17, 18, 19, as a
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function of wave length.

By knowing the values of the experimentally measured 

scattered angular intensity I g ( 6 ' )  and applying equation 

20 to equation 18 gives

360 Ig(8n)
®^®N^cons - 180 • (21)

Ig(ejj)SineN

The numerical values of the conservative scattering function 

^(®N^cons each of the five different aerosol powders

used were calculated using the IBM l4lO digitial computer. 

These values are presented in Figures 20 to 115 and are 

also in tabular form in Tables 1, 2, 3, ^ , and 5,

The general shape of the conservative scattering 

functions were smooth curves from 180 to 0 degrees with a 

steep slope in the region of 20 to 0 degrees. The minimum 

value of S(9')çQns usually occurred at $0 degrees, however 
for the carbon and glass beads aerosols the minimum varied 

from 60 degrees to 180 degrees. From the minimum point to 

180 degrees the slope was small.

The plots of the conservative scattering functions 

shown in Figures 20 to 115 represent normalized data and 

are average values of all data taken.
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CHAPTER VIII 

DISCUSSION AND CONCLUSIONS

The mass extinction coefficients were determined by 

experimental means, and were checked at various times 

throughout the entire investigation. According to Vheasler 

(lk'7) f for an aluminum powder the mass extinction coef­

ficients should be a constant value of approximately 11,350 

ft^/lbm. This is much higher than the values obtained in 

this study (see Figure 10), Because of this large difference 

in the mass extinction coefficients, several runs were made 

using the exact procedure outlined by Wheasler in an attempt 

to determine the source of this discrepancy. According to 

Wheasler a "bell mouth" funnel was used to collect the 

aerosol powder after it had passed through the ray of in­

cident energy, in order to accurately determine the density 

of the aerosol. This "Joell mouth" funnel was suspended 

about 10 inches above the aerosol discharge tube. By il­

luminating the funnel with a high intensity light, one 

could see that the aerosol had fanned out in such a manner 

that a large percentage of the aerosol was by-passing the 

funnel. Using the procedure outlined by Wheasler a mass

160
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extinction coefficient was calculated. The value obtained 

with this procedure was found to be within 10 per cent of 

the value reported by Wheasler. It was also found that in 

removing the filter from the suspended funnel according to 

Wheasler*5 procedure, a small portion of the collected pow­

der would fall off of the filter. On account of these 

sources of error in the density measurements, all density 

measurements in this investigation were made by placing the 

filter funnel completely over the aerosol discharge tube, 

and, after collecting the sample, turning the filter funnel 

upside down before removing the filter. It should, however, 

be pointed out that the aluminum powder used throughout 

this investigation had a different Reynolds batch number, 

than that used by Wheasler,

If a comparison of the experimentally determined mass 

extinction coefficients is to be made with the Mie theory, 

one needs to keep in mind that the Mie theory assumes 

spherical particles having a real index of refraction. If 

the mass extinction coefficients according to Mie's theory 

Were plotted the curves would show several maxima and minima 

and these points would decrease in value and eventually 

become zero as the wave length becomes zero. From Figures 

10, 11, it can be seen that the experimental data did not 

show the maxima and minima predicted by the Mie theory in 

the longer wave lengths and the following explanation is 

given. If the refractive index of a scattering medium is
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written as a complex number (m = n - ik), the real part 

(n) of the refractive is the same as m for non-absorbing 

particles. Then according to Van de.Hulst (l44), the imag­

inary component of the refractive index will dampen out the 

maxima and minima found in plots of the Mie theory for 

spherical particles having a real index of refraction.

A search of the existing literature yielded only two 

plots of the Mie theory for absorbing media containing 

material used in this investigation. These plots showed the 

extinction cross-section as a function'of the particle size 

parameter for materials having a complex index of refraction 

of 2.0 - 0.6 i and 1.25 - 1.25 i which according to Love 

(89)j corresponds roughly to carbon and iron respectively.

By plotting the Mie curves for the mass extinction coef­

ficients as a function of wave length, a comparison of the 

experimental mass extinction coefficients with theory was 

obtained (see Figure ll6) for iron and carbon. This plot 

shows that for iron, the values of the mass extinction coef­

ficients calculated from theory are approximately equal to 

an average value of the experimental data and, for. the wave 

length region involved, may be represented as a straight 

line. However, for the carbon, in the wave length region 

between 3 and 7 microns the experimental data was higher 

than the values calculated by the Mie theory. It is con­

ceivable that this deviation was caused by the variation in 

the particle size because, of all the powders used in this
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investigation, carbon had a greater tendency to pack in the 

particle generator. This may have caused the average size 

contained within the aerosol to be larger than the experi­

mentally determined average particle size which was used to 

calculate the mass extinction coefficients from the Mie 
theory.

The ratio of the mass scattering coefficient to the 

mass extinction coefficient indicated that all of the aerosols 

used in this investigation did contain particles which ab­

sorbed energy because the ratio was not equal to unity. The 

ratio of the mass scattering coefficient to the mass extinc­

tion coefficient was essentially a linear function of wave 

length for all five aerosols within a maximum and minimum 

deviation of + 12 per cent. The function cannot be defined 

in greater detail because of the experimental precision in 

the decrease in the incident intensity due scattering.

A plot of the angular distribution of scattered 

intensity as a function of the scattered angle according 

to the Mie theory would not be a smooth curve, but would 

have several maxima and minima, with an increase in the 

number of maxima and minima as the particle size parameter 

( Ct) increased. According to Van de Hulst (l44), these 

maxima and minima do not occur at the same angle for par­

ticles of different refractive indicies.

The angular distribution of the scattering functions 

from the classical Mie theory were calculated for a real
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refractive index of 1.6. These results are shown in Figures 

117» 118 and for particle size parameter values of 6 and 8, 

The Mie scattering functions were calculated for angles 

between 1 and ISO degrees at 5 degree intervals with the 

aid of tables of the Legendre polynomials (22) and the 

angular distribution coefficients (17) •

A comparison between the angular distribution of the 

scattering functions plotted from this investigation and the 

Mie curves shows the same general trends. Also, since the 

ratio of mass scattering coefficient to the mass extinction 

coefficient did not equal unity for any of the five powders, 

the aerosols were absorbers and the index of refraction 

should be written as a complex number, Van de Hulst 

(l44) states that the imaginary component of the refractive 

index accounts for the extinction of the incident intensity 

and will dampen out the maxima and minima found in the Mie 

theory. Thus, one would intuitively feel that the smooth 

experimental angular distribution of the scattering func­

tions are a result of the damping component of the index 

of refraction, and the superposition of changes in the 

location of the maxima and minima of each individual par­

ticle caused by a distribution of particle sizes. In any 

case, the smooth curves for the conservative scattering 

functions are consistent with similar work by Hodkinson (67), 

for the angular distribution of scattered energy from aerosols
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of diamond, quartz, and coal dust, all of which have a com­

plex index of refraction.

In figures 24 and 27 through 4 l where the solid line 

represents the experimental data taken in this investigation, 

and the dashed line that obtained by Wheasler, one can see 

that the two different sets of data have the same general 

trends. The scattering functions decrease from a value at 

0 * = 180 degrees to a minimum value at approximately 90 

degrees and then increase to a maximum value at 0 ' = 0  

degrees.

The most significant difference between Wheasler's 

scattering functions and those obtained in this study was 

between the scattering angles of 20 and 0 degrees. A portion 

of this deviation, however, would be caused by the correction 

procedure required in this region because of the change in 

gain setting.

The scattering functions, calculated from the Mie 

theory did not change as rapidly in the region for small 

values of 0 as those calculated from the experimental data.

The forward scattering was higher for the experiment than 

predicted by the Mie theory. It is possible that this dif­

ference was caused by the use of the fourth order approxima­

tion quadrature formula to express the experimental scattering 

function which may not be adequate in the neighborhood of 
zero degrees.

In order to make use of the experimental data in
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solving the heat transfer equations, there must exist a 
relationship between + |ij) and Ig(9') in terms of
S(9’)cons + Wj)cons which are known functions
(^1 = cos and Mj = cos 0j). The following relationships 
were developed by Love (89) and were used in calculating 
the axially-symmetric scattering functions reported by 
Wheasler (1U7 ),

Consider scattering into discrete directions (J) 
from a particular incident direction (i), then according to 
Love, the axially-symmetric scattering function is defined 
as

1 f:"'S(Mi,Wj) = 2-- j, S(®4j) d(S* (22)

where 0 ^j is defined as the angle between the direction of 
the incident and reflected rays, and from solid geometry

cos ®ij = + (l-M^)^(l-Mj)^ cos(|ft-^*). (23)

Rewriting equation 15 in terms of 6

p + 1  «2 fr*
(T" = i Jq Si0) djft’dM* (24)

but from equation 22, equation 24, now becomes

i J.i S(U,W*) (25)

For the case of conservative scattering, the mass scattering 
coefficient may be divided out by defining a conservative 
aclally-symmetric scattering function* Thus, equation 25
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becomes

»+l
i J-l Icons = 1 (26 )

which may be rewritten as

+1 + 1
&Cfo S l ^ ^ - ^ ' ) c o n s d ^ '  + Jo S(^^^''consdW" = I- (27)

Now equation 2? may be rewritten in a form suitable 

for integration by the fourth order approximation method

i i J i  "j"'^-^>cons = ^

where aj are double Gaussian quadrature weight factors.

Equation 22 was solved using the finite differences 

where d0 = = 10 degrees. The values of (fî j were deter­

mined by using values of |î + as dictated by the fourth 

order approximation method. The values of S ( |î , |ij ) and

S(ti. - |Ji .) for are given in Table 6 , while the calculated1 ij c on s
values of are tabulated in Table 7 .

Since + M-j) depends upon from equation

23 it can be seen that only the positive direction of 

need be used since Hemholtz (89) reciprocity law is valid,

S(^i,tij) = S(-H^, - Mj) . -

= 5 (Hi, - Mj).

The conclusions which may be drawn from this study 
may be listed as follows:
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1 , The experimentally determined mass extinction 

coefficients show a rather different behavior as 

a function of wave length than the classical Mie 

theory. The mass extinction coefficients cannot 

be represented as a straight line as concluded by 

Wheasler.

2 , For the five different powders used in this in­

vestigation the ratio of the mass scattering 

coefficient to the mass extinction coefficient 

ranged from 0 .1 2 to 0 .7 5 indicating that much of 

the extinction was caused by absorbtion, which 

must be included for an accurate energy balance.

3 , The experimentally determined axially-symmetric 

scattering function in contrast to theory was 

found to be a smooth curve as a function of wave 

length; the experimental scattering function did 

not show the maxima or minima predicted by the 

Mie theory for spherical particles having a real 

index of refraction. Scattering from irregularly 

shaped particles having a complex index of re­

fraction will produce smooth curves for the 

angular distribution of scattered intensity as a 

function of the scattering angle.

For all five powders the extinction of the clouds 

was linear in cloud density, indicating that single 

scattering phenomenon exists up to an optical 

depths of 0.09 for these materials.
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TABLE 1

ANGULAR DISTRIBUTION OF SCATTERING FUNCTION, 8 (0')
BASED ON EXPERIMENTAL ALUMINUM DATA

0' (in Degrees) -- , Wave Length, (in Microns)

q ' > =0.7 A =0 .8 %=0 .9 Cl =1.0

2 232.925 241.501 326.918 368.778
4 93.170 103.500 163.459 138.291
6 37.268 55.200 65.383 64.536
8 19.565 28.980 29.059 32.268

10 10.248 17.250 15.982 18.438
12 6.521 10.350 9.081 11.524
l4 4.192 6.900 5.811 6.914
16 2.841 4.4l6 3.814 4.609
18 2.049 3.174 2.542 3.226
20 , 1.490 2.208 1.888 2.074
30 .726 .724 .617 .518
4o .586 .434 .355 .336
50 .512 .365 .261 .267
60 .465 .345 .214 .230
70 .465 .345 .196 .212
80 .465 .345 , .192 .202
90 .465 .345 .192 .205

100 .465 .345 .199 .214
110 .465 .372 .221 .232
120 .465 .4l4 .257 .262
130 .503 .469 .312 .318
i4o . 586 .538 .372 .382
150 .726 .648 .444. .460
160 .913 .776 .526 .553
170 1.094 . 966 .635 .668
180 1.281 1.207 .744 .806
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ALUMINUM TABLE - Continued

Q' =1.2 9k =1 .4 “X =2.0 9v =2.5

2 387.224 83.390 701.276 504.180
4 145.209 50.034 35.063 37.813
6 62.923 31.688 17.142 23.528
8 29.o4i 20.013 10.908 16.806

10 15.488 12.675 7.791 11.764
12 9.196 7.505 4.908 7.730
l4 6.389 5.003 3.506 5.714
16 4.549 3.335 2.610 4.03318 3.291 2.4i8 2.025 3.109
20 2.323 1.667 1.558 2.352
30 .677 .450 .716 1.008
40 .324 .195 .467 .613
50 .232 .131 .358 .462
6o .193 .101 .307 .386
70 .167 .088 .280 .348
80 .162 .083 .268 JI48
90 .164 .083 .268 .365

100 .171 .083 .288 .399
110 .183 .097 .327 .453
120 .208 .125 .389 .520
130 .246 .153 .483 .621
i4o .300 .183 .638 .731
150 .387 .216 .857 .861
l6o .503 .258 1.168 .987170 .687 .308 1.402 1.113l8o .948 .366 1.558 1.218
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ALUMINUM TABLE - Continued

0' ^  =3.0 1  =4.0 =5.0 0. =6.0

2 651.382 601.42.1 494.550 77.356
h 45.596 14.677 34.618 18.640
6 26.055 11.169 23.079 10.252
8 19.541 9.737 16.485 7.456

10 14.330 8.305 11.209 5.592
12 11.073 '6.586 8.407 4.660
l4 8.467 5.298 6.429 3.728
l6 6.513 4.295 4.945 3.262
18 5.080 3.293 4.121 2.796
20 3.582 2.577 3.461 2.423
30 .960 .887 1.681 1.399
4o .462 .515 .857 1.048
50 .312 .408 .494 .866
6o .244 .365 .329 .782
70 .214 .350 .260 .726
8o .198 .340 .224 .685
90 .195 .340 .207 .671

100 .205 .357 .211 .689
110 ■ .231 .400 .263 .717
120 .270 .465 .329 .773
130 .323 .536 .403 .838
l4o .384 .615 .494 .932
150 .455 .694 .593 1.025l6o .534 .787 .692 1.165
170 .612 .873 .791 1.328
l8o .683 .945 .857 '" 1.537
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ALUMINUM TABLE - Continued

0' "X =7.0 X =8.0 74 =9.0 7X =10.0

2 387.081 653.858 307.285 224.161
k 9.677 23.776 8.380 7.472
6 6.128 4.279 2.793 2.391
8 k.9k6 3.150 2.304 2.204

10 4.085 2.615 2.060 2.129
12 3.440 2.258 1.850 2.054
ih ■ 3.010 2.021 1.711 2.017
l6 2.580 1.812 1.606 1.942
18 2.257 1.664 1.536 1.868
20 2.042 1.486 1.431 1.830
30 1.344 1.010 1.145 1.550
ho 1.021 .772 .949 1.344
50 .806 .624 .824 1.154
6o .677 .534 .726 .971
70 .591 .469 .670 .840
80 .537 .430 .628 .724
90 .516 .407 ' .607 .642

100 .516 .4o4 .614 .612
110 .521 .416 . .649 .620
120 ■ .537 .445 .698 .650
130 .585 .487 .796 .694
l4o .677 .540 .921 .765
150 .860 .612 1.075 .859i6o 1.075 .698 1.271 .971
170 1.290 .817 1.536 1.120
180 1.478 .921 1.920 1.307
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ALUMINUM TABLE - Continued

0' 0. =11.0 74 =12.0 74=13.0 =i4.0 74=15.0

2 169.214 182.646 230.293 557.598 103.442
k 3.384 6.088 11.514 7.806 9.309
6 2.115 1.715 1.784 1.463 2.224
8 1.861 1.522 1.554 1.254 1.861

10 1.692 1.439 1.439 1.157 1.717
12 1.649 1.397 1.381 1.115 1.634
Ik 1.607 1.356 1.324 1.073 1.572
l6 1.565 1.300 ■' 1.266 1.031 1.510
18 1.544 1.245 1.237 1.003 1.448
20 1.501 1.106 1.180 .961 1.406
30 1.311 1.023 .990 .808 1.199
4o 1.184 .913 .852 \ .696 1.034
50 1.057 .816 .765 .606 .918
60 .930 .761 .713 ' .550 .848
70 .846 .752 .690 .529 .79680 .786 .761 .685 .515 .765
90 .744 .774 .690 .515 .755

100 .719 .808 .725 .522 .765
110 .723 .844 .771 .557 .786
120 .744 .899 .840 .620 .837
130 .786 .968 . .932 .696 ^80
l4o .846 1.037 1.059 .808 1.055
150 1.057 1.134 1.209 .961 1.230
l6o 1.078 1.245 1.439 1.157 1.510
170 1.269 1.369 1.669 1.428 1.924
l8o 1.480 1.522 2.015 1.742 2.586
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TABLE 2

MGULAR DISTRIBUTION OF SCATTERING FUNCTION, S (©')
BASED ON EXPERIMENTAL CARBON DATA

©' (in Degrees) -- "X Wave Length, (in Microns)

0' 31=0 .7 "IX =0.8 0. =0.9 %  =1.0 y. =1.2 y  =1.4

2 1477.120 764.542 339.463 324.651 ' 479.194 114.892
4 23.633 237.271 175.584 146.093 305.868 68.9356 5.908 39.545 70.233 71.423 61.173 18.382
8 2.363 15.818 30.434 44.369 20.391 7.35310 1.033 8.436 23.411 27.054 10.195 3.676
12 .590 6.063 12.876 18.396 5.913 2.343
l4 .398 3.585 8.193 12.444 3.874 1.608
16 .276 2.109 5.150 8.224 2.650 1.194
18 .214 1.405 3.628 . 5.627 1.937 .87320 . 166 .817 2.458 4.058 1.427 .689
30 .077 .168 .702 .714 .377 .252
4o .055 .081 .339 .297 .152 .165
50 .045 .055 .210 .156 .088 .126
6o .039 .043 .152 .102 .064 .101
70 .036 .037 .122 .077 .054 .086
80 .035 .034 .110 .064 .050 .07990 .035 .034 .104 .058 .050 .077100 .036 .035 .104 .059 .050 .082
110 .039 .037 .108 .062 .050 .096
120 .042 .04l .117 .068 .050 .114
130 .048 .046 .131 .076 .050 .142
l4o .056 .052 .152 .087 .054 .179150 .066 .061 .177 .101 .061 .222
l6o .079 .072 .213 .121 .072 .280
170 .096 .085 .263 .144 .089 .353
180 .120 .100 .321 .178 .114 .459
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CARBON TABLE - Continued

Q' 1  =2.0 1  =2.5 ^=3.0 ^ = 4.0 'X =5.0 34=6.0

2 595.777 1216.240 947.603 956.939 881.817 976.943
h 79.436 27.641 44.819 117.777 77.159 44.120
6 24.824 14.373 25.610 25.027 28.659 23.950
8 17.376 9.729 18.567 14.722 19.840 15.757

10 12.412 7.186 12.805 8.(#0 12.786 11.345
12 9.631 5.417 8.963 6.624 9.259 8.193
Ik 7.745 4.201 6.658 4.858 6.834 6.176
l6 6.156 3.261 4.994 3.754 5.290 4.538
18 5.163 2.598 3.841 3.018 4.188 3.403
20 4.269 2.045 2.945 2.429 3.306 2.584
30 1.638 .729 .960 .883 1.036 .756
4o .714 .298 .396 .360 .363 .321
50 .317 .129 .185 .154 .154 .176
6o .142 .058 .092 .069 .072 .109
70 .068 .033 .059 .033 .037 .078
80 .050 .023 .046 .016 .018 .064
90 .047 .019 .040 .011 .010 • .059

100 .051 .019 .038 .010 .011 .055
110 .075 .022 .039 .009 .014 .061
120 .099 .026 .039 .009 .020 .069
130 .126 .031 .040 .010 .027 .078
iko .158 .038 .042 .012 .035 .088
150 .193 .045 .044 .014 .047 .102
l60 .233 .052 .046 .018 .058 .116
170 .278 .059 .048 .020 .069 .132
l8o .332 .066 .051 .023 .077 .148
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CAEBON TABLE - Continued

0' 0. =7 .0 ^  =8 .0 1  =9.0 "X =10.0 31=11.0 3X=12.0

2 999.318 792.037 428.655 543.832 475.885 107.766
h 34.976 51.099 37.822 39.276 29.327 41.204
6 17.987 22.994 16.137 16.919 17.707 25.356

.8 11.492 14.052 11.598 10.574 13.003 17.115
10 7.994 10.219 8.825 8.157 9.960 12.551
12 5.995 7.409 7.060 6.646 8.023 10.142
i4 4.496 5.748 5.799 5.438 6.363 7.860
l6 3.397 4.471 4.790 4.531 5.256 6.71918 2.698 3.704 4.160 3.927 4.316 5.705
20 2.048 2.938 3.656 3.398 3.652 4.817
30 .799 1.277 2.118 1.812 1.743 2.377
ho .424 •• .728 1.412 1.087 1.106 1.445
50 .269 .447 1.071 .755 .802 .938
60 .179 .300 .844 .558 .622 .709
70 .134 .217 . 680 .438 .509 .583
80 .124 • .169 .554 .355 .431 .507
90 .124 .l4o .460 .302 .376 .450

100 . 124 .120 .390 .268 .337 .412
110 .124 .106 .327 .241 .309 .380
120 .124 .095 .282 .226 .287 .361
130 ,124 .089 .231 .214 .271 .348
l4o .124 .085 .191 .208 .260 .335
150 .124 . .083 .179 .200 .249 .327160 .124 .080 .171 .196 .243 .316
170 .124 .079 .163 .193 .240 .316
180 .124 .078 .156 .191 .237 .316
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TABLE 3

ANGULAR DISTRIBUTION OF SCATTERING FUNCTION, S (0')
BASED ON EXPERIMENTAL GLASS BEAD DATA

0' (in Degrees) --'X, Wave Length, (in Microns)

^ =0 .8 0. =0.9 a =1.0 Cl =1.2

2 146.013 150.383 33.027 14.633
k 9.990 15.038 21.423 4.572
6 4.918 3.508 14.282 2.743
8 3.073 1.754 9.818 2.423

10 2.305 1.679 7.141 2.286
12 1.882 1.6o4 5.355 2.194
14 1.729 1.553 4.016 2.057
16 1.575 1.493 3.W% 1.966
18 1.490 1.453 3.124 1.874
20 1.4l4 1^ 03 2.633 1.755
30 1.152 1.178 1.472 1.371
ho .968 1.002 .959 1.088
50 .853 .862 .723 .868
6o .768 .761 .598 .704
70 .707 .681 .535 .585
80 .676 .621 , .517 .567
90 . 668 .601 .544 .606

100 .683 , . .631 .624 .667
110 .737 .741 .740 .786
120 .829 .872 .892 .932130 .952 1.002 1.048 1.134
ILO 1.121 1.178 1.249 l.4o8
150 1.337 1.403 1.495 1.792l6o 1.575 1.654 1.785 2.286
170 1.921 1.929 2.097 3.018
i8o 2.305 2.255 2.454 4.115
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GLASS B:EAD table - Continued

Q”" =1.4 0>. -2.0 =2.5 "X =3.0

2 10.976 1013.120 612.684 200.405
4 4.077 112.569 61.266 17.368
6 3.214 56.284 8.169 12.024
8 2.822 3.489 5.003 9.352
10 2.665 2.814 4.084 7.682
12 2.587 2.363 3.369 6.847
14 2.469 2.026 2.961 6.145
16 2.352 1.834 2.654 5.544
18 2.234 1.688 2.450 5.210
20 2.116 1.575 2.195 4.809
30 1.685 1.103 1.347 3.340
40 1.379 .585 .898. 1.736
50 ■ ■■ 1.113 .247 .622 .835
60 .925 .099 .469 .487
70 .784 .041 .372 .327
80 .689 .027 .316 .252
90 .650 .026 .285 .217
100 .658 .028 .275 .207
110 .697 .039 .285 .227
120 .784 .064 .316 .283
130 .901 .105 .362 .414
i4o 1.082 .168 .439 .661
150 1.332 i .270 .551 1.035
160 1.693 .422 ,717 1.603
170 2.195 .630 .959 2.338
180 2.901 .844 1.286 3.006
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GLASS BEAL TABLE - Continued

e' 71 =4.0 =5.0 ^ = 6.0 9l=7.0

2 734.447 524.173 600.530 698.187
k 128.528 62.900 112.599 89.766
6 47.739 22.015 26.273 12.966
8 2.033 10.483 6.001 6.383
10 9.180 6.080 4.203 3.98912 4.039 4.507 3.115 2.094
lU . 2.717 3.564 2.477 1.496
l6 2.019 2.987 2.026 1.196
18 1.579 2.516 1^88 1.017
20 1.230 2.253 1.426 .927
30 .495 1.441 .750 .698
40 .246 .985 .495 .553
50 .150 .702 .382 .448
6o .115 .492 .322 .379
70 .099 .351 .296 .334
80 .089 .267 .285 .309
90 .088 .235 .289 .299

100 .091 .225 .300 .309
110 .102 .235 .326 .329
120 .124 .262 .360 .359
130 .157 .340 .405 .398
140 .227 :456 .465 .448
150 .367 .608 .547 .523
l6o .605 .796 .645 .598170 .991 .995 .788 658
180 1.468 1.153 .938 .678
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GLASS BEAD TABLE - Continued

e' =8 .0 =9.0 TV =10.0 34=11.0

2 398.175 357.801 11.757 169.532
k 14.220 32.955 7.944 8.476
6 4.834 4.237 .111 1.864
8 2.730 1.600 .044 1.661

10 2.218 1.553 .039 1.576
12 1.933 1.506 .037 1.508
ih 1.763 1.459 .036 1.432
l6 1.649 1.388 .034 1.37318 1.535 1.365 .034 1.305
20 1.422 1.294 .033 1.254
30 1.023 1.106 .029 1.017Uo .839 .941 ■ .025 .847
50 . 696 .838 .023 .720
6o .597 .725 .021 .644
70 ■ .540 .640 .020 .601
8o .500 .574 .020 .584
90 .489 .508 .020 .601

100 .500 .499 .021 .635
110 .551 .517 .023 .703
120 .639 .580 .026 .805130 .796 .706 .028 .932
140 .981 .866 .032 1.101
150 .011 1.082 .037 1.339160 .014 1.294 .042 1.644
170 .017 1.530 .050 2.034
180 .019 1.765 .060 2.542
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TABLE 4

ANGULAR DISTRIBUTION OF SCATTERING FUNCTION, S (e* )
BASED ON EXPERIMENTAL IRON DATA

q ' (in Degrees) -- 1 , Wave Length, (in Microns)

0' =0.6 1=0.7 1  =0.8 1 =0.9 ^ =1 .0 "X =1.2

2 157.455 111.474 160.857 119.622 87.859 39.151
4 31.491 44.589 80.428 69.013 61.501 29.879
6 19.524 25.267 46.648 41.407 41.001 22.666
8 15.115 15.606 29.758 27.605 27.822 16.897

10 11.966 10.775 19.302 17.943 19.768 13.600
12 9.132 8.174 13.270 12.882 15.375 10.715l4 7.557 6.131 9.651 9.201 11.714 8.860
l6 5.668 4.830 7.238 7.131 9.152 7.418
18 4.4o8 4.087 5.308 5.751 7.321 6.181
20 3.401 3.344 4.182 4.600 5.857 5.151
30 1.259 1.412 1.648 1.978 2.123 2.575
4o .677 .928 .884 1.081 1.006 1.442
50 .535 .743 .554 .667 .658 .927
6o .478 .650 .390 .460 .453 .638
70 .Ü59 .603 .309 .345 .336 .484
80 .459 . 566 .269 .280 .270 .412
90 .478 .557 .249 .257 .241 .412

100 .510 .549 .249 .262 .234 .412
110 . 566 .557 .261 .285 .248 .412
120 .629 .575 .285 .326 .278 .412
130 .724 .613 .321 .372 .325 .453l4o .850 .622 .373 .427 .373 .463
150 1.007 .724 .442 .483 .431 .618
i6o 1.228 .789 .538 .552 .490 .824
170 1.464' .882 .667 .621 .549 1.133i8o 1.637 1.021 .844 .706 .593 1.545



185
IRON TABLE - Continued

e' ^ = 1.4 ^=2.0 "4 =2.5 "4 =3.0 “X =4.0

2 21.907 343.625 148.013 213.148 625.119
h 17.170 27.490 11.841 10.657 25.004
6 13.617 11.454 5 180 7.389 2.083
8 10.953 8.476 4.440 5.683 1.458

10 8.881 6,872 3.996 4.547 1.250
12 7.401 5.612 3.515 4.120 1.187
Ik 6.216 4.810 3.256 3.765 1.125
i6 5.328 4.352 2.960 3.339 1.083
10 4.618 3.951 2.738 3.126 1.021
20 3.907 3.665 2.516 2.913 .968
30 2.072 2.176 1.776 2.060 .729
ko 1.243 1.259 1.332 1. 492 .583
50 .858 .755 1.036 1.094 .487
6o .651 .486 ,8l4 .781 .416
70 .556 .349 . 658 .596 .37580 .526 .263 .562 .461 .451
90 .521 .263 . 518 .390 .343

100 .532 .263 .540 .412 .406
110 .580 .326 .636 .476 .500
120 .666 .412 .740 . 568 .6l4
130 .799 .509 .858 .696 .739l4o .932 .618 1.006 .881 .885
150 1.095 .744 1.169 1.108 1.041
i6o 1.272 .881 1.346 1.4o6 1.208
170 1.450 1.030 1.554 1.776 1.375
100 1.628 1.202 1.739 2.273 1.521
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IRON TABLE - Continued

%  =5.0 'X-6.0 "X =7.0 'X =8 .0 l4 =9.o

2 560.298 172.555 125.651 247.379 232.318
k 42.022 1.984 1.884 76.962 7.494
6 3.501 1.725 1.633 13.193 2.697
8 2.241 1.617 1.507 2.968 2.360

10 1.848 1.531 1.429 1.924 2.135
12 1.624 1.488 1.350 1.484 2.023
Ih 1.512 1.445 1.319 1.264 1.985l6 1.358 1.380 1.256 1.044 1.87318 1.302 1.337 1.209 .934 1.798
20 1.232 1.294 1.162 .852 1.761
30 . 966 1.100 1.036 .659 1.438
40 .784 .959 .910 .577 1.199
50 .630 .851 .816 .533 .974
60 .532 .776 .722 .511 .794
70 .448 .722 .678 .511 .637
80 .385 .701 .628 .511 .502
90 .350 .701 .628 .522 .457

100 .378 .733 .706 .549 .464
110 .462 .793 .841 .687 .509
120 .546 .862 .973 .824 .659130 .658 .981 1.162 .989 .936l4o .770 1.121 1.350 1.154 1.180
150 .903 1.294 1.570 1.319 1.386
l6o 1.050 1.509 1.790 1.511 1.611
170 1.204 1.725 2.073 1.731 1.836
l8o 1.344 1.941 2.355 1.979 2.135
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IRON TABLE - Continued

0' ■X =10.0 X=ii.o 71=12.0 X =13.0 X  =i4.0

2 109.072 129.193 160.754 129.635 96.759
4 2.545 3.229 2.592 2.592 2.287
6 1.963 2.390 2.160 2.074 2.199
8 1.745 2.099 1.901 1.944 2.067

10 1.636 1.873 1.771 1.851 1.979
12 1.563 1.744 1.642 1.780 1.891

1.490 l.6l4 1.555 1.728 1.803
16 1.439 1.518 1.477 1.685 1.741
18 1.388 1.453 1.417 1.598 1.671
20 1.345 1.388 1.348 1.555 1.583
30 1.181 1.149 1.106 1.296 1.319
1+0 .981 1.001 .924 1.080 1.090
50 .836 .904 .812 .907 .932
6o .727 .839 .734 .743 .818
70 .618 .807 .682 .622 .747
8o .530 .791 .648 .544 .694
90 .465 .775 .630 .553 .677

100 .545 .794 .656 .596 .694
110 .676 .826 .717 .682 .756
120 .872 .888 .864 .812 .844
130 1.145 .952 1.071 .993 .967li+0 1.454 1.033 1.296- 1.296 1.143150 1.654 1.130 1.503 1.685 1.389l6o 1.817 1.259 1.728 1.944 1.759
170 2.072 . 1.434 2.031 2.938 2.067i8o 2.363 l.6l4 2.376 4.148 2.4l8



188

TABLE 5
ANGULAR DISTRIBUTION OF SCATTERING FUNCTION, S (©')

BASED ON EXPERIMENTAL SILICA DATA

e' (in Degrees)--'X, Wave Length, (in Microns)

0' 1  =0.7 'X =0.8 ^=0.9 X  =1.0 'X =1.2

2 167.145 91.492 101.002 83.354 196.542
4 88.488 36.596 45.450 55.141 123.907
6 44.244 23.003 25.250 39.753 74.771
8 25.563 15.161 16.917 ■ 30.456 46.999

10 17.206 11.763 12.625 23.723 29.908
12 11.798 9.149 9.216 18.594 19.227
l4 8.848 7.319 7.322 14.747 ■" 12.818
l6 6.882 6.012 5.933 11.861 8.545
18 5.505 5.228 5.050 9.938 5.981
20 4.424 4.443 4.418 7.694 4.272
30 2.064 2.169 2.525 2.885 .608
4o 1.106 1.150 1.590 1.346 .293
50 .629 .653 .883 .705 .187
6o .417 .437 .492 .378 .138
70 .309 .333 .315 .227 .111
80 .250 .282 .244 .157 .092
90 .226 .261 .220 .121 .081

100 .216 .294 .242 .105 .082
110 .221 .379 .277 .105 .102
120 .240 .535 .334 .110 .132
130 .270 .731 .441 .118 .166
l4o .319 .980 .631 .131 .207
150 .393 1.241 .959 .153 .256
160 .506 1.516 1.439 .189 .320170 .688 1.777 2.020 .237 .405180 .983 2.012 2.840 .304 .512
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SILICA TABLE - Continued

0' 'X =1.4 ^ =2.0 'X =2.5 X̂=3.0 =4.0

2 223.741 528.696 490.171 956.858 206.143
4 80.547 110.145 53.918 150.363 38.480
6 34.008 14.979 29.410 4.647 16.491
8 17.004 9.692 14.705 3.349 ll.4o6

10 10.739 7.489 8.332 2.870 9.070
12 7.159 6.168 5.391 2.460 7.558
Ik 5.011 5.507 4.166 2.050 6.596
l6 3.579 4.736 3.284 1.777 5.772
18 2.774 4.317 2.744 1.571 5.084
20 2.192 3.700 2.377 1.366 4.466
30 1.073 1.894 1.323 .738 2.611
ko .733 1.101 .833 .444 1.717
50 .554 .682 .588 .293 1.126
6o .434 . 436- .460 .201 .755
70 .340 .273 .392 .150 .535
80 .272 .185 .357 .118 .391
90 .228 .l4o .343 .100 .302.

100 .223 .127 .340 .090 .257
110 .259 .143 .343 .086 .250
120 .313 .165 .352 .086 .274
130 .371 .187 .367 .090 .308
l4o . 456 .213 .382 .095 .412
150 .563 .240 .4o6 .103 .501
l6o .698 .270 .431 .114 .611
170 .886 .299 .460 .128 .728
l8o 1.118 .326 .502 .143 .852
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SILICA TABLE - Continued

0' 'X =5.0 =6.0 "X=7.o ^  =8.0 ^  =9.0

2 336.216 370.589 376.234 294.862 325.272
4 73.090 9.264 11.287 10.952 5.322
6 22.219 6.882 8.230 8.087 3.548
8 15.495 5.558 6.584 6.571 2.907

10 10.817 4.764 5.173 5.223 2.562
12 7.747 4.076 4.279 4.296 2.267
l4 5.847 3.600 3.527 3.538 2.119
16 4.677 3.229 3.009 2.948 1.97118 3.946 2.911 2.633 2.527 1.823
20 3.289 2.647 2.257 2.148 1.700
30 1.988 1.852 1.269 1.179 1.232
ko 1.315 1.217 .893 .791 .936
50 .803 .820 .719 .606 .74960 .555 .608 .623 .513 .620
70 .409 .497 .590 .459 .55180 .321 .463 .552 .433 .512
90 .277 .444 .540 .438 .502

100 .254 .463 .550 .480 .522
110 .248 .497 .564 .589 .581
120 .257 .529 .587 .732 .719130 .289 .595 .634 .884 .867i4o .336 .675 .691 1.095 1.059150 .380 .780 .775 1.347 1.256
160 .438 .910 .870 1.600 1.503170 .511 1.085 .987 1.895 1.774
180. .584 1.270 1.128 2.106 2.094
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SILICA TABLE - Continued

0' 1 =10'.0 1  =11.0 9. =12.0 9. =13.0

2 270.543 326.615 114.769 236.052
4 6.550 6.124 1.809 4.248
6 4.993 4.593 1.456 3.855■ 8 4.200 3.827 1.324 3.619

10 3.559 3.470 1.191 3.344
12 3.168 3.215 1.147 3.147
Ik 2.847 2.908 1.081 2.950
l6 2.596 2.653 1.015 2.753l8 2.349 2.449 .957 2.596
20 2.135 2.245 .904 2.439
30 1.459 1.428 .670 1.849
ko 1.103 .949 .520 1.416
50 .854 .673 .406 l.l4o
6o .684 .520 .326 .944
70 .569 .428 .269 .806
8o .498 .382 .225 .692
90 .455 .428 .216 .633

100 .469 .500 .308 .597
110 .583 .612 .459 .578
120 .711 .734 .600 . 566
130 .854 - .887 .732 .574
l4o .996 1.071 .882 .590
150 1.174 1.275 1.059 .621
l6o 1.388 1.531 1.280 . 660
170 1.601 1.786 1.500 .708
l8o 1.868 2.041 1.765 .786
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TABLE 6
INTEGRATED AXIALLY-SYMMETRIC SCATTERING FUNCTIONS 

FOR DISCRETE POSITIONS AND WAVE LENGTHS 
BASED ON EXPERIMENTAL ALUMINUM DATA

Wave Integrated Functions

s(/i ,,/%,)

0.6 13.250 0.802 0.537 0.479
0.7 14.200 0.746 0.510 0.455
0.8 14.050 0.770 0.405 0.342
0 .9 23.450 0.653 0.269 0.203
1.0 25.350 0.695 0.264 0.217
1.2 24.800 0.655 0.279 0.174
1.4 6.660 0.458 0.134 0.089
2.0 37.700 0.713 0.390 0.288
2.5 27.500 0.982 0.500 0.376
3.0 35.500 0.982 0.302 0.209
4.0 32.600 0.947 0.461 0.356
5.0 27.550 1.073 0.4l8 0.243
6 .0 5.740 1.060 0.800 0.700
7.0 20.950 0.952 0.667 0.545
8.0 35.400 0.721 0.528 0.431
9.0 17.200 0.927 0.744 0.628

10.0 17.800 1.015 0.909 0.725
11.0 9.900 0.992 0.924 0.778
12.0 10.625 0.941 0.844 0.778
13.0 13.550 0.940 • 0.797 0.703l4.0 30.150 0.737 0.613 0.530
15.0 6.550 , 1.054 0.892 0.787
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TABLE 6   Continued

Wave Integrated Functions

1

0.6 1.345 0.662 0.553 0.486
0.7 1.253 0.629 0.502 0.454
0 .8 2.255 0.572 0.402 0.354
0 .9 2.005 0.368 0.257 0.219
1.0 2.325 0.382 0.262 0.220
1.2 1.530 0.382 0.220 0.173l.i+ 1.088 0.239 0.127 0.091
2.0 1.032 0.598 0.352 0.302
2.5 1.351 0.733 0.496 0.396
3.0 1.495 0.511 0.275 0.202
4.0 1.125 0.644 0.457 0.369
5.0 1.105 0.729 0.372 0.249
6.0 1.295 0.975 0.798 0.697
7.0 1.075 0.842 0.637 0.527
8.0 0.781 0.652 0.505 0.420
9.0 1.015 0.807 0.741 0.625

10.0 1.032 0.990 0.817 0.683
11.0 1.022 0.974 0.848 0.(%3
12.0 0.985 0.945 0.842 0.79213.0 1.005 0.937 0.811 0.720
14.0 0.813 0.746 0.621 0.53915.0 1.163 1.055 0.895 0.787
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TABLE 6 -- Continued

Wave Integrated Functions
Length

X

0.6 0.802 13.200 0.600 0.492
0.7 0.746 13.520 0.584 0.471
0.8 0.770 14.030 0.453 0.347
0 .9 0.653 18.580 0.387 0.213
1.0 0.695 20.750 ""0.342 0.228
1.2 0.655 21.650 0.342 0.186
1.4 0.458 5.300 0.219 0.100
2 .0 0.713 37.550 0.443 0.345
2.5 0.982 27.500 0.620 0.383
3.0 0.982 35.450 0.489 0.234
4.0 0.947 32.550 0.572 0.391
5.0 1.073 27.550 0.684 0.311
6 .0 1.060 5.230 0.916 0.739
7.0 0.952 21.550 0.802 0.623
8.0 0.721 35.450 0.624 0.488
9.0 0.927 17.150 0.781 0.674

10.0 1.015 18.250 0.921 0.854
11.0 0.992 9.860 0.934 0.855
12.0 0.941 10.600 0.821 0.774
13.0 0.940 12.950 0.807 0.714
i4.o 0.737 30.100 0.633 0.546
15.0 1.054 6.480 0.926 0.830
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TABLE 6 —  Continued

Wave Integrated Functions

0.6 0.662 0.632 0.563 0.512
0.7 0.629 0.597 0.516 0.476
0.8 0.572 0.498 0.434 0.383
0-9 , 0.368 0.332 0.271 0.2351.0 0.382 0.337 0.299 0.241
1.2 0.382 0.319 0.239 0.196
1.4 0.239 0.169 0.134 0.109
2.0 0.598 0.566 0.475 0.369
2.5 0.733 0.614 0.448 • 0,469
3.0 0.511 0.363 0.289 0.2434.0 0.644 0.538 0.474 0.421
5.0 0.729 0.495 0.366 0.2836.0 0.975 0.903 0.799 0.7297.0 0.842 0.771 0.627 0.5318.0 0.652 0.587 0.492 0.429
9.0 0.807 0.898 0.762 0.660
10.0 0.990 0.929 0.786 0.64511.0 0.974 0.957 0.810 0.74712.0 0.945 0.945 0.886 0.821
13.0 0.937 0.966 0.874 0.78314.0 0.746 0.764 0.662 0.584
15.0 1.055 1.092 0.935 0.819
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TABLE 6 —  Continued

Wave
Length

'X

Integrated Functions

0.6 0.537 0.600 13.800 0.615
0.7 0.510 0.584 14.300 0.5990.8 0.405 0.453 15.900 0.465
0.9 0.269 0.387 21.000 0.401
1.0 0.264 0.342 23.650 0.356
1.2 0.279 0.342 23.100 0.3771.4 0.134 0.219 6.080 0.228
2.0 0.390 0,443 37.900 0.461
2.5 0.500 ■ 0.620 28.000 0.655
3.0 0.302 0.489 36.200 0.507
4.0 0.461 0.572 32.800 0.586
5.0 0.4l8 0.684 28.100 0.701
6.0 0.800 0.916 5.430 0.9717.0 0.667 0.802 21.300 0.821
8.0 0.528 0.624 35.500 0.646
9.0 0.744 0.781 17.200 0.809

10.0 0.909 0.921 19.450 1.178
11.0 0.924 0.934 9.900 1.067
12.0 0.844 0.821 10.530 0.850
13.0 0.797 0.807 13.420 0.83514.0 0.613 0.633 30.100 0.650
15.0 0.892 0.926 6.480 0.960
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TABLE 6  Continued

Wave Integrated Functions
Length

0.6 0.553 0.563 .0.690 0.605
0.7 0.502 0.516 0.609 0.550
0.8 0.402 0.434 0.517 0.448
0.9 0.257 0.271 0.332 0.296
1.0 0.262 0.299 0.381 0.3111.2 0.220 0.239 0.308 0.268
1.4 0.127 0.134 0.171 0.1592.0 0.352 0.475 0.602 0.451
2.5 0.496 0.448 0.538 0.645
3.0 0.275 0.289 0.331 0.3354.0 0.457 0.474 0.531 0.532
5.0 0.372 0.366 0.403 o.4i6
6.0 0.798 0.799 0.860 0.792
7.0 0.637 0.627 0.678 0.6258.0 0.505 0.492 0.534 0.500
9.0 0.741 0.762 0.827 0.810
10.0 0.817 0.786 0.854 0.720
11.0 0.848 0.810 0.879 0.816
12.0 0.842 0.886 0.^5 . 0.96513.0 0.811 0.874 0.944 0.929
14.0 0.621. 0.662 0.716 0.681
15.0 0.895 0.935 1.008 0.980
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Table 6   Continued

Wave Integrated Functions

7 s(/î  Ai' ) /~2 ' • /i;,)

0.6 ,0.479 0.492 0.615 20.000
0.7 0.455 0.471 0.599 ' 21.450
0 .8 0.342 0.347 0.465 21.050
0.9 0.203 0.213 0.401 35.000
1.0 0.217 0.228 0.356 37.600
1.2 0,174 0.186 0.377 33.900
1.4 '0.089 0.100 0.228 8.530
2.0 0.288 0.345 0.461 45.200
2.5 0.376 0.383 0.655 30.750
3.0 0.209 0.234 0.507 39.800
4.0 0.356 0.391 0.586 36.400
5.0 0.243 0.311 0.701 30.550 -
6 .0 0.700 0.739 0.971 6.300
7.0 0.545 0,623 0.821 22.800
8.0 0.431 0.488 0.646 38.100
9.0 0.628 0.674 0.809 18.300

10.0 0.725 0.854 1,178 18.720
11.0 0.778 0.855 1.067 10.300
12.0 0.778 0.774 0.850 11.000
13.00 0.703 0.714 0.835 13.950
14.0 0.530 0.546 0.650 30.650
15.0 0.787 _ 0.830 0.960 7,180
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table 6   Continued

Wave Integrated Functions
Length

A

0.6 0.486 0.512 0.605 0.807
0.7 0.454 0.476 0.550 0.768
0.8 0.354 0.383 0.448 0.661
0.9 0.219 0.235 0.296 0.456
1.0 0.220 0.241 0.311 0.5031.2 0.173 0.196 0.268 0.458
l.k 0.091 0.109 0.159 0.266
2.0 0.302 0.369 0.451 0.704
2.5 . 0.396 0.469 0.645 0^965
3.0 0.202 0.243 0.335 0.480
4.0 0.369 0.421 0.532 0.734
5.0 0.249 0.283 .0.4l6 0.574
6.0 0.697 0.729 0.792 1.102
7.0 0.527 0.531 0.625 0.8758.0 0.420 0.429 0.500 0.704
9.0 0.625 0.660 0.810 1.14510.0 0.683 0.645 0.720 0.918
11.0 0.653 0.747 0.816 1.14512.0 0.792 0.821 0.965 1.37013.0 0.720 0.783 0.929 1.325
l4.0 0.539 0.584 0.681 0.980
15.0 0.787 0.819 0.980 1.423



TABLE 7
(BASED ON à 9 = 10°) FOR DISCRETE POSITIONS 

OF INCIDENT RAY AND WAY LENGTH

1̂,1
Values

® i .-3
of ®

® l ,3
in Degrees

® l ,-3 0 ,1,-4 ®a.-

0 9 15 23 38 46 64 72 0 39
10 19 18 26 39 47 65 73 10 4o
20 29 25 30 42 50 66 74 19 4330 39 33 38 46 53 67 75 28 48
4o k2 U6 52 59 70 78 38 5550 59 51 54 60 65 73 80 47 62
6o 69 60 6^ 65 71 76 83 57 70
70 77 70 73 73 78 79 86 66 7980 82 80 82 80 85 83 90 75 88
90 90 89 91 88 92 86 94 84 96
98 100 98 100 95 100 90 97 92 105
103 110 107 110 102 107 94 101 101 ll4
111 120 116 120 109 115 97 104 110 123
121 130 126 129 115 120 100 107 118 133
131 l4o 134 138 121 128 102 110 125 142
l4i 150 ik z 147 127 134 105 113 132 152
151 160 150 155 130 138 106 114 137 161
l6i 170. 15^ 162 133 l4i 107 115 i4o 170
171 180 157 165 134 142 108 116 l4i 180



TABLE 7 --Continued

Values of 0 in Degrees

0 0 (B> 0 0  . 01,2 2,-3 2,4 2,-4 3,3 3,-3 3,4 3,-4 4,4 4 , -4

23 55 49 88 0 84 26 110 0 13724 62 49 88 7 85 27 111 3 137
29 64 51 90 15 86 29 112 7 138
34 68 53 90 22 89 31 113 11 1394i 72 55 93 30 91 34 ll4 15 l4o
48 77 58 95 37 96 37 117 18 l4i
5? 83 6l 98 44 100 4o 119 21 143
63 89 65 101 50 105 44 122 24 145
70 96 68 io4 57 111 47 125 27 147
77 103 72 108 63 117 51 129 30 150
84 110 76 112 69 123 55 133 33 153
91 117 79 115 75 130 58 136 35 156
97 123 82 119 80 136 61 l4o 37 159

103 132 85 122 84 143 63 143 39 162
108 139 87 125 89 150 66 146 4o 165
112 l46 90 127 91 158 67 149 4i 169
116 151 90 129 94 165 68 151 42 173
118 156 92 ,131 95 173 69 153 43 177
125 157 92 131 96 180 70 154 43 180

1 ro o
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TABLE 8
PARTICLE COUNT DATA AND SIZE DATA

ALUMINUM

75 ml. of 95 Per Cent Ethanol 
0.1345 gras. Powder

Count of Particles in 16 Squares Section

4o 36 43 39 3738 38 39 42 38
45 35 35 36 44
32 38 36 33 42
4l 49 37 37 43

Average Particles 
16 Squares = 39

36 37 37 34 2934 38 32 32 35
33 38 31 30 38
36 32 34 27 32
4o 4o 33 31 30

Average Particles _ 
lé Squares
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TABLE 8 —  Continued

PARTICLE COUNT DATA AND SIZE DATA

ALUMINUM

108 103 96 120 97
123 i4o 102 . 116 87
102 110 110 102 109

93 92 112 98 110
130 93 119 93 113

Average Particles
16 Squares — XU f

19 28 12 13 24
16 29 17 21 22
23 16 22 24 16
22 14 26 20 15
17 18 19 18 18

Average Particles _ 
16 Squares

Average Powder Constant = 5.96x10^ üram
Particle Size (Micron)

8.0 9.0 7.5 8.0 5.0
9.0 7.5 7.0 6.0 5.57.0 8.0 8.0 7.0 9.0
5.0 9.0 5.0 9.0 9.0
9.0 8.0 7.0 9.0 9.5
6.5 7.0 8.0 8.5 11.0

Average Particle Size = 7.8 Micron
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TABLE 8  Continued
PARTICLE COUNT DATA AND SIZE DATA

CARBON

1 3 3 1
2 k 3 3
1 5 1 1
1 1 4  4

Averse Particles ^ g 
lé Squares

Average Powder Constant = 4.9x10 
Particle Size (Micron)

8 Particles
Gram

30.0 22.5 5.0 5.0 20.0
20.0 5. 0 7.5 5.0 15.0
22.5 2.5 20.0 5.0 5.0
15.0 20.0 25.0 2.5 15.0
20.0 7.5 10.0 2.5 7.5
20.0 7.5 17.5 2.5 10.0
22.5 7.5 15.0 2.5 5.0

5.0 7.5 5.0 2.5 10.0
7.5 2.5 5.0 15.0 17.5
12.5 5.0 15.0 17.5 12.5

Average Particle Size 11. 245
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TABLE 8 —  Continued
PARTICLE COURT DATA AND SIZE DATA

CARBON
75 ml. of 95 Per Cent Ethanol 

0.0976 gms. Powder

Count of Particles in I6 Squares Section

3 1 2 31 1 k k
2 7 1 2  
4 2 5 1

Average Particles _ . 
16 Squares '

3 4 1 2
1 2 1 3  
1 1 2  0 
0 1 3 0

Average Particles _ 
16 Squares

2 6 3 2
4 2 2 1
1 4 1 1
0 2 1 3

Average Particles „ ,0 
rg Squares  = ^.iS

2 1 0 3
4 1 6 1
6 6 2 1  
2 0 0 0

Averse Particles _ ..q 
ïé Squares
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TABLE 8 —  Continued

PARTICLE COUNT DATA AND SIZE DATA

IRON

8 8 7 7
7 5 5 k
h 5 6 k
5 5 5

Average Particles _ c- r̂c- 
l6 Squares

6

Average Powder Constant = 7.36xlo' 
Particle Size (Micron)

8 Particles 
Gram

2. 0 3. 5 4. 0 4. 5 3. 0
2. 3 3. 5 2. 5 2. 0 2. 5
2. 5 4. 0 3. 0 2. 0 3. 0
4. 0 '3. 0 3. 4 3. 0 3. 3
3. 5 3. 3 3. 0 3. 5 4. 0
4. 0 3. 7 2. 7 3. 0 2. 0

Average Particle Size 3.75 Micron
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TABLE 8 -—  Continued 

PARTICLE COUNT DATA AND SIZE DATA

IRON

75 ml. of 95 Per Cent Ethanol
0 .1^31 gms. Powder

Count of Particles in l6 Squares Section

10 5 9 3
8 10 4 8
3 3 3 10
4 6 5 9

Averse Particles _ g o 
16 Squares

7 5 4 6
5 6 2 5
9 3 5 3
8 8 8 4

Averse Particles _ c c 
I d  Squares

4 1 5 62 4 7 8
3 3 4 5
3 6 6 7

Averse Particles _ c 
I d  Squares
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table 8  Continued
PARTICLE COUNT DATA AND SIZE DATA

SILICA

4 h 2'- 5
6 3 3 2
3 6 8 2
5 3 4 6

Average Particles . ,„r-
lé Squares

Average Powder Constant = 3.4x10^ ParticlesGram
Particle Size (Micron)

2.5 7.5 7.5 5.0 7.5
2.5 7.5 2.5 5.0 5.0
2.5 2.5 2.5 5.0 12.5
5.0 5.0 12.5 2.5 2.5
3.8 5.0 10.0 2.5 2.5

20.0 12.5 2.5 2.5 15.0
5.0 5.0 2.5 2.5 5.0
2.5 2.5 2.5 2.5 2.5

10.0 5.0 7.5 10.0 10.5
2.5 5.0 5.0 5.0 7.5

Average Particle Size = 4 Micron
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TABLE 8 —  Continued 

PARTICLE COUNT DATA AND SIZE DATA

SILICA

75 ml- of 95 Per Cent Ethanol
0.220 gras. Powder

Count of Particles in l6 Squares Section

3 7 3 2
4 2 8 5
2 3 5 2
4 3 6 1

Average Particles 
lé Squares = 3.75

5 8 2 3
5 5 3 2
5 5 1 3
1 6 3 1

Average Particles 
lé Squares = 3.75

2 8 5 1
2 3 2 1
8 6 4 5

1 0. 2 7 2
Average Particles 

lé Squares = 4.25
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NOMENCLATURE

English Symbols 

aj = Quadrature weight factor

c = Velocity of light, (ft) (hr)"^

d = Particle diameter, (ft)

h = Planck's constant, (Btu) (hr)"^

I = Monochromatic intensity of radiation, (Btu)* (ft)"^
(stearadian)

K® = Extinction cross section

k = Boltzman's constant, (Btu) (R)"^

M = Complex index of refraction

s = Scattering function

s = Distance along a ray, (ft)

X = Normal coordinate distance, (ft)

Greek Symbols 

Ot = Particle size parameter

B = Monochromatic mass extinction coefficient, (ft)^ (lb„,)“^

9 = Polar angle, radians

0 = Angle between incident and leaving ray, radians

K  = Monochromatic mass absorption coefficient, (ft)^ (Ib^)”^

^ = Radiation wave length, (ft)
M = Cosine 0
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l) = Frequency of radiation, (hr)"^ 

nr = 3 .l4 l6

p = Mass density, (Ib^) (ft)“^

<r = Monochromatic mass scattering coefficient, (ft)^ 

f  = Optical depth

0 = Azimuthal angle, radians

ti) = Solid angle, stearadian

Subscripts

1 = Iteration index

j = Iteration index


