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SUMMARY

Aercsols of submicron-sized refractory particles are currently
being considered as coolants for gas core reactors and for thermal radia-
tion shielding in nuclear rocket nozzles. In order to be useful for these
applications, the particles should be strongly absorbing in the ultra-
violet, visible and near infrared regions of the spectrum and should
withstand high temperatures at high pressures without reacting or vapor-
izing. Submicron-sized particles of refractory metals generally satisfy
both of these requirements.

The ability of dispersed particles to absorb thermal radiation is
determined by the extinction parameter, the scattering parsmeter and the
angular scattering characteristics of the particles. Measurements are
needed of these heat transfer parameters as functions of temperature,
pressure, and incident radiant energy wavelength in corder to evaluate
the propellant heating in gas core nuclear rocket engines.

Measurements of the extinction parameter of tungsten-hydrogen
aerosols were made as a function of wavelength from 2500 i to 5800 i at
pressures to 115 atmospheres and temperatures to 2500°K. High pressure
hydrogen, first unseeded and then seeded, was heated in a furnace employ-
ing an electrically heated tungsten strip. Radiant energy from a high
pressure mercury arc was passed through the furnace, and measurements of
the transmitted radiation and of the aerosol density yielded the extine-

tion parameter for the tungsten-hydrogen aeroscol at the selected tempera-



ture and pressure.

The measured extinction parameter at room temperature for all
pressures to 115 atmospheres compared well with the theoretical wvalue of
the extinction parameter calculated using the Mie theory. The extinction
parameter was observed to increase with pressure at temperatures above
about 1000°K. Whereas the extinction parameter had been shown earlier
to increase about a factor of two, from room temperature to 2000°K, at
one atmosphere pressure, the increase was found to be about a factor of
four at about 1C atmospheres and much greater at 100 atmospheres pres-
sure. According to the Mie theory, the breaking up of particle agglom-
erates could account for part of this increase, but not all. Several
physical processes are discussed that might be expected to enhance

photon extinction beyond that predicted by the Mie theory.



CHAPTER I

INTRODUCTION

Purpose of Research

The objective of this investigation was to examine the radiant
heat attenuation of an aerosol which closely duplicated the gas core
nuclear reactor propellant. 1In the gas core reactor, heat is emitted
as radiant energy from the central core of fissioning uranium gas and
is absorbed in a surrounding flow of hydrogen which is seeded with re-
fractory metal particles to enhance the radiant energy absorption. This
experiment utilized a hydrogen aerosol heated to temperatures as high
as 2500°K and under pressures up to 100 atmospheres. The hydrogen aero-
sol was produced by dispersing submicron sized particles of refractory
metals in hydrogen gas. The principal property that was measured was
the ability of the aerosol to altltenuate a beam of broad spectrum, visible
and ultravieclet, light passing through it with the attenuation being
measured as a function of wavelength. Other characteristics of the
aerosol that were examined included the nature and extent of chemical
reactions between the seed material and the hydrogen and the degree
of dispersion obtained in the seed material before and after heating.

Chemical equilibrium calculations and vapor pressure data for
the refractory metals indicate that tungsten is the best seed material
for the gas core nuclear rocket concept. For this reason it was the

principal seed material used in the experiment.



The Gas Core Nuclear Reactor

Manned interplaneéér§ exploration is ve?y costly even if the solid
core nuclear rocket is used. There is current evidence that the public
is not willing to spend the amount of money necessary to accomplish ex-
tensive manned missions to other planets. The use of a gaseous core nuc-
lear rocket having only a conservative value for the specific impulse of 1500
seconds c¢ould make this type of exploration economically feasible. In
a very general sense the reduction in cost of a mission is related to the
exponential of the specific impulse,

The advantage of a solid core nuclear rocket over a chemical roc-
ket results from the use of hydrogen as the propellant rather than the
HEO formed in the combustion process of a liquid oxygen-liquid hydrogen
rocket engine. The specific impulse, a measure of the performance of a
rocket engine, is proportional to V' T/M where T is the temperature of the
propellant and M is the molecular weight of the propellant. The theoreti-
cal increase in specific impulse for the solid core nuclear rocket com-
pared to a chemical rocket is a factor of three, but a lower operating
temperature necessitated by the structural matrix of the fuel in a solid
core nuclear rocket and the actual use of more hydrogen than needed for
combustion in the chemical rocket makes the difference more nearly two
than three. Present solid core nuclear rockets have specific impul-
ses on the order of 800 seconds. Other concepts have been proposed which
would allow a higher operating temperature, The dust bed nuclear reactor
conceptl’2 eliminates the use of a structural matrix for the fuel in favor
of small uranium fuel particles held in a band near the walls of the roc-

ket cavity by centrifugal force. A specific impulse on the order of 1100



seconds could be realized. The liquid core nuclear rocket® holds the
liquid uranium in place by centrifugal force and the hydrogen propellant
is allowed to bubble through. Temperatures of about 5000°K might be ob-
tained with corresponding specific impulses of approximately 1600 seconds.
The nuclear rocket concept that offers the highest temperatures

43896 The average temperature of the

is the gaseous core nuclear rocket.
propellant would of the order of 10,000°K to 30,000°K. The specific im-
pulse realized could be greater than 2000 seconds and if the propellant
temperature approached 30,000°K enough of the hydrogen would be ionized
that a rapid increase in the specific impulse, due to the low mass of the
electrons, would be obtained leading to a value near 5000 seconds.

The technical difficulties associated with the development of the
gas core nuclear rocket are not greater than those associated with the
dust bed or liquid core nuclear rocket and thus emphasis of future nuc-
lear rocket development is on it. There are several designs for the gas
core nuclear rocket. The two most representative concepts receiving at-
tention are the co-axial flow and light bulb concepts. The co-axial flow
concept shown in Figure 1 is being investigated at the NASA Lewis Research
Center, This concept envisions a central core of fissioning uranium gas
that will be flowing much slower than the hydrogen flowing around the
central core. There would need to be a propellant to fuel mass flow sepa-
ration of at least 100 to 1. Lanzo® at NASA/Lewis has achieved this flow
separation using a two dimensional system of air to air, but the Reynolds
numbers for the two flows were quite low.

The other concept, that of the nuclear light bulb reactor® is

being supported by the Joint AEC-NASA Space Nuclear Propulsion Office,
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Washington, D.C. One of the prime contractors for this work is

United Aircraft Laboratories. The heart of this concept is a trans-
parent partition containing the uranium plasma with the hydrogen pro-
pellant flowing outside of the partition. For this reason,this concept
is a closed cycle concept in that the fuel does not become mixed with
the working fluid, while the previous concepts are known as open cycle.
The current design of the closed cycle includes a partition constructed
of quartz tubes through which hydrogen for cooling would be passed and
a neon gas boundary flow injected tangentially into the uranium plasma
from the tubes in order to prevent deposition of the gaseous uranium

on the quartz walls.

Both of these gas core reactor concepts have in common the re-
quircment of transferring thermal radiant energy from the uranium fuel
region to the hydrogen. Hydrogen at lower temperatures is trans-
parent to radiation of wavelengths longer than 1216 A where the first
transition in the Lyman series occurs. The hydrogen moleculce can ab-
sorb infrared radiation, but, as indicated by the experimentally de-

. O,1
rived data*®’*?

on uranium plasmas shown in Figure 2, most of the emis-
sion spectrum is concentrated below 7000 A, As the hydrogen is heated,
more of the hydrogen molecules occupy excited states and can absorb
radiation of longer wavelengths. Figure 3 is a plot of the absorption
coefficivnt for pure hydrogen with respect to wavelength of the radia-
tion and with temperature as the parameter. Above 8000°K the absorp-
tion by the hydrogen becomes significant and sufficient to attenuate

the radiant energy from a uranium plasma. For propellant temperatur s

below this point some other mechanism of heat transfer needs to be

A
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employed. The hydrogen could be seeded with a gas that would absorb in
the 900-7000 i region but the process would be line absorption and the
integrated absorption would not be wvery large. Seeding by small parti-
cles is favored because they give a very broad absorption that varies
uniformly with wavelength. There are several criteria that seed parti-
cles have to meet. Theiroptical absorption must be large so that a par-
ticle to propellant mass ratio smaller than one percent will be suffi-
cient to absorb the radiant energy. The neutron absorption cross sec-
tion must be low to prevent excessive uranium fuel inventories in the
reactor cavity. A material with a high vaporization temperature and a
low vapor pressure is desirable. The chemical reaction rate with hydro-
gen must be very small, These considerations indicate that submicron-
sized refractory metal particles are the best candidates. Carbon was
favored early in the development of the gas core nuclear reactor con-

12518 pave shown it to have a reaction

cept, However, Shenoy and Partain
rate with hydrogen that makes it unsuitable for a seed material until
more experimental work is conducted with larger size carbon particles.
Carbon is attractive, except for the chemical reaction, because it has

a low density and low molecular weight and is highly absorbing.

Other materials such as alumina and silica which would seem to
offer these advantages, being known as good attenuators of light, are
unsatisfactory because they are almost purely scattering and absorb
very little light., Also, high temperature, high pressure hydrogen tends
to reduce the oxide refractory materials.

Heat transfer mechanisms in the gas core reactor are complex. In

the central region of the cavity is the gaseous uranium core which is



essentially opaque to radiant energy.l4 As a result of this opacity
radiant energy is emitted from very near the surface of the uranium
plasma which may have approximately a spherical geometry in the case
of the co-axial flow concept. The temperature in the interior of the
uranium plasma may extend up to 100,0000Kjbut the temperature profile
is very severe and a skin temperature of 15,0000K is expected.l5 The
seeded propellant closest to the core and that near the nozzle would
have been heated to the point that no solid particles exist and the
radiant energy absorption would be that due to the heated hydrogen
and the vaporized or chemically reacted seed material. Krascella®®
has calculated the absorption of pure hydrogen as a function of pres-
sure, temperature, and wavelength. Patch'” has also calculated the
absorption of hydrogen for the same parameters and compared his re-
sults with those of Krascella. Krascella’® has also calculated the
Rosseland mean opacity of tungsten vapor using a semiempirical model.
The Rosseland mean opacity is an average of the spectral absorption
coefficient over the spectrum. In the event that it becomes feasible
to use graphite seed, the Rosseland mean opacity of carbon-hydrogen
reaction products has been calculated by Main.?
At this point (before considering the solid seed particles) the
propellant is considered to be a grey gas. Assuming a spherical geo-
metry (approximate geometry of the co-axial flow concept) a two dimen-
sional radiant heat transfer analysis could be made with the data
available., The two dimensional problem is due to the flowing hydrogen
propellant. The difficulties are, first, that the propellant is more

nearly a colored gas than a grey gas, and therefore, absorbs preferentially
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with wavelength; and second that the opacity of the hydrogen varies with
the temperature. The hydrogen opacity has a positive temperature (T)
dependence of between T° to T. The confidence level of the theoreti-
cally derived data also varies with temperatureland wavelength. The data
accumulated for heat transfer studies in the gas core nuclear reactor
were examined by Patch®® and the assumptions and confidence level behind
the calculations discussed. The data appear less accurate in the
temperature range of 3000-7000°K. This is also true of the particle
opacity measurements. To date, no one has applied all of these data to

a solution of the radiant energy transfer. The work that appears to be
most applicable was done by Monsler®' in which he examined the conditions
under which a system similar to that of the gas core nuclear rocket would
not have a stable,steady state solution. Given the proper conditions of
high heat fluxes, optically thick gas, and a strong positive dependence
of opacity on temperature and pressure, he has shown that an unstable
system of radiation driven shock waves can result.

Near the walls of the reactor cavity and near the hydrogen propel-
lant entrance, the seed material would be in the form of submicron sized
particles in dynamic equilibrium with the hydrogen. The opacity of this
aerosol is due to the seed material since the hydrogen is transparent in
these cooler zones. The seed material serves to transfer the radiant
energy to the hydrogen and to shield the containment walls from a high
heat flux. The particles attenuate the radiant energy by two processes:
scattering and absorption. Only the absorption process serves to heat
the hydrogen propellant, but the scattering is equally important since

it tends to increase the average path length traveled by a photon. The
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steady state radiant energy transport equation for small particles sus-

pended in a transparent medium is given by,

4
LAGD - b 10 + 30 +u ) [ 10,8)pO,cos0) o
o
where
I = the intensity of radiant energy in a unit wavelength interval
at A traveling in direction Q

s = distance

{2 = solid angle

j = emission coefficient

p = scattering amplitude function

6 = angle of scattering

p = density of the aerosol

It is seen

from this equation that the four important parameters one

must know in order to evaluate radiant heat transfer through particle-

seeded gases are:

ue(h) the
us(h) the
p(h,cos8) the
and J) “the

extinction parameter
scattering parameter
scattering amplitude function

emission coefficient

These parameters must be known over the applicable temperature, wave-

length, and pressure range. In addition, p(A,cosB) must be known for

scattering angles of 0 to 180 degrees.

In order to predict these heat transfer parameters theoretically,

the complex index of refraction must be known over the wavelength range



12

of interest. The research that has been done on the theoretical and ex-
perimental determination of these heat transfer parameters is summarized
in the Background chapter. There are sufficient theoretical values of
the heat transfer parameters available to permit a "first attempt" at
the solution to the complete heat transfer problem in the gas core nuc-
lear reactor. Three areas that theory does not cover are irregularly
shaped particles, the physical changes in the aerosol due to chemical
reactions, and the change in the radiant energy interaction process when
the particles are heated enough to become thermionically emitting. All
three areas must be examined as a function of incident radiation wave-
length, temperature and pressure.

This experimental investigation examines Moo the extinction para-
meter, in these three areas which deviate significantly from theory.
The purpose of this introductory section is to present the context in

which this investigation was conducted.

Other Applications of the Research

The gaseous core nuclear reactor concept was originally conceived
as the next step in nuclear rocket propulsion, but it may find superior
justification as the heat source for a magnetohydrodynamic power genera-

22 3258524
N - have recently been conducted on

tion plant. Several studies
the characteristics of such a system. The MHD generator has received a
great deal of attention in the past because of its simplicity of design,
high efficiency and high power density for high temperature working fluids.

The very hot working fluid of the gaseous core nuclear reactor combines

well with the MHD system which is capable of using such high temperature
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heat sources.

The primary hindrance to the development of MHD power plants has
been the low electrical conductivity of the gas working fluid. A con-
ductivity in the neighborhood of 100 mhos/m is desired. The research on
higher conductivities in the past decade has focused on the promise of
nonequilibrium ionization where the electrons are heated to a higher tem-
perature than the gas by the use of a magnetically induced electric field.
This work on nonequilibrium ionization has been directed toward solid-core
nuclear reactor heat sources using noble gases, such as argon, in a closed
cycle. Nonequilibrium ionization in a combustion device is not practical
because the very large electron-atom and electron-molecule collision cross
sections which exist in combustion products make it virtually impossible
to obtain a condition of unequal electron and gas temperatures.zg Still
the results from experiments seeking to develop the nonequilibrium ioniza-
tion have in general been disappointing.25 The answer may lie with the
gaseous core nuclear reactor which can provide a higher working fluid tem-
perature and a high degree of ionization from the radiation present in the
reactor cavity. The radiation should preferentially heat the electrons,
increasing the nonequilibrium ionization.®®

The fact that a gas core nuclear reactor requires a seed material
consisting of small particles to transfer the radiant energy to the gas
working fluid is also an advantage in the MHD application since the parti-
cles would enhance the electrical conductivity of the fluid by supplying
additional electrons by thermionic emission,?’ *®8

The gaseous reactor MHD generator could serve as a topping cycle

for large ground based power plants to considerably improve their



14

efficiency. The exhaust from the MHD generator could be used to produce
steam for conventional turbines before being returned to the reactor.
Another important application for the gaseous reactor MHD generator may
be in a space electrical power system which reauires a high radiator tem-
perature.

g
Rosag

indicates the gaseous reactor may prevent MHD technology
from becoming obsolete. It appears to be the best heat source which is
capable of allowing the MHD generator to realize its true inherent advan-
tages, Likewise an urgent need for more efficient electrical power gen-
eration, such as the gaseous reactor MHD system could supply, may be the
necessary impetus for further research into gaseous reactors. A gaseous
core nuclear reactor incorporated into a ground base power system with
uranium separation from the working fluid could provide valuable opera-
tional experience for a gaseous core nuclear rocket engine.

There are many other applications for the use of small particles
in a radiant heat transfer situation. The problem of radiant energy trans-
fer from a very hot rocket exhaust plume containing metallic particles to
the space vehicle has been investigated by Rochelle®® and Carlson.®® The
earlier analytical calculations of this heat transfer problemag-aé made
use of simplifying assumptions such as plane parallel geometry or isotro-
pic scattering. Love®® applied Monte Carlo calculational techniques to
the scattered radiant energy from the rocket exhaust plume. He used ex-
perimentally derived scattering amplitude function data. Use of the data
described in this report coupled with experimentally measured scattering

parameter data and scattering amplitude function data would permit more

accurate calculations for the exhaust plume from a gaseous core nuclear
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rocket. Williams and Byrn®® applied the general purpose Monte Carlo
transport program, CAVEAT,37 to calculate the heat deposition in the pro-
pellant region and the heat flux reaching the cavity liner, The uranium
emission spectrum from reference 10 was combined with the wavelength de-
pendent absortion coefficients for uranium calculated by Parks®® to obtain
the thermal emission spectrum of 10,000°K uranium at the surface of the
core, The data described in this report were used to obtain the absorp-
tive properties of the seeded hydrogen propellant. An absorbing layer of
particle-seeded gas may also be used for shielding re-entry vehicles®® from
the intense heat generated upon entering the atmosphere. Howell®" has
shown that a seceded propellant layer next to the inner wall of a rocket
nozzle will reduce the radiant heat flux at the nozzle wall by two orders
of magnitude. This may make possible rocket engines which can operate

with higher temperature propellants and thereby have  higher performance.
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CHAPTER II

BACKGROUND

Theory

Since this investigation involves measuring the ability of small
particles dispersed in hydrogen to absorb radiant energy and explaining
the characteristics of the aerosol at the time of measurement, including
dynamic processes such as chemical reactions and aerosol kinetics, it is
convenient to consider the theoretical background for the system in three
sections corresponding to the natural divisions of the system: aerosols,
the interaction of radiant energy with submicron-sized particles, and
chemical reactions.

Aerosols

The properties of aerosols vary according to the size of the par-
ticles. A study was made of the characteristics of aerosols that contain
particles of about one micron diameter or less and the forces acting be-
tween the particles., Most of the information quoted is based on a bound

41

collection of papers edited by Davies, a bound collection of papers

42

edited by Green and Lane, and Particulate Technology by Orr.*®

There are two general ways to form particulate clouds. One is a
condensation process in which clusters of molecules come together to
build up particles of colloidal dimensions. An example of this is the
burning of hydrocarbons in an oxygen-lean enviromment to produce small

carbon particles. The second method is the dispersion method where a
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solid material is ground into small particles, or more commonly, chemi-
cally produced as small particles and then mechanically dispersed.

There are three characteristics of aerosols that are especially
relevant to this experiment. They are the rate of particle coagulation,
the rate of particle deposition on containment walls, and the size dis-
tribution of the particles constituting an aerosol.

The first concern, even before considering coagulation, is to ob-
tain good dispersion of a powdered seed material. Powders of particles
with radii greater than 10 microns are quite readily dispersed by com-
pressed air to form aerosols with completely disagglomerated particles.
The dispersion becomes increasingly difficult with decreasing particle
size, and for powders of particles with radii of less than 0.5 micron
complete dispersion has not yet been achieved.*' 1In addition to the
particle size, their shape is of great importance. Plate and needle
shaped particles are less readily dispersed than spherical ones. The
powders of hard substances are more readily dispersed than those of soft
materials. The presence of moisture in powders impairs their dispersion
greatly, but if the powders are too dry, they also disperse less readily
due to high triboelectric charges. The best way to transmit mechanical
force to the individual particles in a powder is to pass the aerosol of
large aggregates through a nozzle where the shear forces exerted on the
gas can be transmitted to the aggregates. This is not mechanically effi-
cient, but it is very difficult if not impossible to transmit the force
to the individual particles by any kind of mechanical mixing process. A
mechanical mixing process can be very important in forming a consistent

aerosol of the large aggregates which can then be delivered to the nozzle.
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After a well-dispersed aerosol has been formed it will immediately
begin to coagulate. The simplest form of coagulation is the collision of
particles under Brownian motion. When two particles collide they almost
invariably stick together. The coagulation rate in this case is roughly
proportional to the square of the particle number density. Seldom is
this the only coagulation process in effect. Especially in the case of
a mechanically dispersed powder,the electrical charges on the particles
are one of the most important factors in the coagulation process. The
mechanical dispersion of the particles creates charged particles, but the
amount of charge depends on many variables such as the moisture content
of the powder, whether or not the dispersion nozzle is grounded, and the
nature of the charge on the particle (unipolar or bipolar). All natural
or artificially generated aerosols are to some extent electrically charged.
The electrical charge may also be acquired when gaseous ions, produced by
such agents as ionizing radiation, high voltage discharge, or high tem-
perature are captured by the particle.

If an aerosol consisted of particles all with the same sign charge
and in a unipolar charge state, the particles would tend to repel each
other and therefore retard coagulation. This is more nearly a theo-
retical condition, however, since the particles are rarely all of the
same charge. And even if the particles are unipolar charged, when they
come sufficiently close to each other they can create a mirror charge in
another particle and induce a bipolar charge state. Van der Waals forces
must be taken into account since they aid coagulation by attracting par-
ticles when they come sufficiently close without having them actually

touch. A chain-like aggregate is usually a good indication that coagulation
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is taking place due to bipolar charged particles.

Aerosol particles in an electric field have an induced charge
which causes them to behave as dipoles., Fuchs*' reviewed the theory and
experimental data for this type of coagulation. He concluded that very
high electric fields are required to increase the coagulation rate sig-
nificantly, but that at high aerosol concentrations and electric fields,
long threadlike aggregates are formed. Because the dipole strength in-
creases with aggregate length, the coagulation rate can actually increase
with time even though the number concentration is decreasing. The only
use of a high electric field in this research is the use of a Van de
Graaff generator to induce a charge on particles and deposit them on
electron microscope grids for inspection. These charged particles are
so quickly attracted to the grounded electron microscope grids that it
is unlikely they would have experienced an extensive coagulation during
that time interval. Chain-like aggregates would indicate that such a
coagulation process is occurring and would warrant a comparison with sam-
ples obtained by a thermal deposition process.

When a thermal gradient is set up in an aerosol, particles will
move along the gradient under the influence of the differential molecu-~
lar bombardment giving rise to radiometer forces. These particles are
driven away from a hot surface and deposited on a cold one in the wvici-
nity. This phenomenon is important in this research because of the need
to sample the heated aerosol in order to determine its density and the
degree of dispersion after heating,

Photophoresis is a phenomenon similar to the thermally generated
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radiometer force just described. An intense beam of light will generally
cause particles to move either in the direction of the radiation flux or
against it. Since the principal energy form in the gaseous core nuclear
reactor is visible and ultraviolet light this phenomenon may have to be
taken into account. Photophoresis is very weak with good reflectors of
radiation such as calcium cloride, antimony trioxide, and magnesium
oxide, but very strong with strong absorbers like lamp black, iron filings,
potash alum, and dyestuffs. Keng and Orr** investigated photophoresis
for lamp black and observed some very interesting boundary effects, indi-
cating that particles would not cross the boundary of an intense beam of
light.

The size distribution of aerosols is important when measuring the
extinction parameter. There are several distributions that can be used
to describe particles and the way in which the particle was produced
influences to a great extent the distribution that it will most closely
follow. The log-normal distribution is commonly used, but again each
group of particlés should be examined as to source so as to apply the
best distribution function to them. The approach used in this research
has been to sample the aerosols and make electron micrographs which show
the degree of agglomeration, the average size of the particle, and to some
extent the size distribution. This method is really only applicable if
a good random sample is obtained. An electrostatic precipitator was used
to obtain the samples in this investigation., In general,an electrostatic
sampling device does not produce a random sample since the charge and mass

of the particle dictate the linear distance at which the particle should
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settle from the entrance region. However, tests with the electro-
static device used in this research resulted in random collection. This
is apparently due to the charge being given to the particles by a needle
in the center of a box of approximately 200 cubic centimeters volume.

The references describe a coagulation process due to acoustic
waves in an aerosol. This phenomenon has been used in conjunction with
aerosol generation experiments as part of this research since the sound
waves tend to form very large agglomerates which fluidize easily when
gas is passed through them and the fluidized agglomerates can be deliv-
ered to a shear producing nozzle, If this is not done with difficult-
to-disperse powders, such as tungsten powder, large chunks of powder
will tend to be transported to the nozzle where they clog the opening.

In general the science of aerosols has been approached in an em-
pirical mamer (e.g. making electron micrographs to determine size distri-
bution) since the aerosol undergoes so many processes that it is almost
impossible to predict from theory the state of the aerosol subsequently.
A good intuitive'grasp of the relative importance of phenomena such as
charge-induced coagulation and thermal migration is important in design-
ing an experiment like the one used in this investigation.

Interactions of Radiant Energy With Submicron-Sized Particles

When radiant energy of wavelength A interacts with a particle of
diameter A/T, the ability of the particle to absorb this radiation is
near a maximum. The energy absorption and the subsequent heating of the
particle depends on the ohmic heating of the particle by the free elec-
trons that have been excited by the incident radiation. 1In the two extremes,

a perfect insulator and a perfect conductor, no energy would be deposited.
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In the case of the insulator the electromagnetic wave would be reflected
from the tightly bound electrons and in the case of a perfect conductor
re-emission in the original form would take place because no ohmic
heating could occur. Metallic particles are better able to absorb
radiant energy because they are conducting and have significant resisti-
vity.

In addition to absorption, radiant energy is scattered without
change in wavelength by the particle. The scattering is the sum of three
processes, reflection from the surface of the particle, refraction of
light transmitted through the particle, and diffraction due to the inter-
ference of the electromagnetic wave as it passes by the edge of the par-
ticle. The cross-section for diffraction is approximately equal to the
geometric cross-section of the particle. Since the reflection, refraction,
and absorption are competing.processes on the surface of a particle, the
total cross-section of these processes is approximately equal to the
geometrical cross-section. The total interaction of the radiant energy
is the sum of thé absorption and scattering processes, with a cross-
section of approximately two geometrical cross-sections, and can be
termed the attenuation or extinction process.

The extinction process as it has just been described is greatest
for the case where the diameter of the particle is on the order of the
wavelength A divided by m. Thus, the absorption of radiant energy in
the near infrared, visible, and ultraviolet regions of the spectrum is
greatest for submicron sized particles of diameters in the range of

0.05 to 0.5 microns. The scattering from a particle in this size range
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has a complicated angular dependence. Particles much larger give highly
forward scattering and particles much smaller give nearly isotropic scat-
tering which is known as Rayleigh scattering.

For particles as large as the wavelength or larger, the cross-
sections are proportional to the square of the radius, whereas the mass
is proportional to the cube of the radius, so the cross-sections per
unit mass of particle material are inversely proportional to the particle
radius, as is illustrated by Figures 4-6.

For particles much smaller than the wavelength of the incident
thermal radiation the total attenuation falls off rapidly and approaches
the value of the absorption-reflection process which also decreases, 1In
this instance the previous discussion concerning diffraction scattering
is no longer applicable, since the diffraction scattering is negligible
for such small particles. The very small particles can be totally ab-
sorbing (if there is no reflection, e.g. carbon) but the absorption para-
meter is smaller than that realized at the optimum size.

There are three significant mechanisms by which radiant energy
interacts with a gas containing particles: (1) absorption by the gas,
(2) absorption by the particles suspended in the gas, and (3) scattering
by the particles. The importance of each of these three mechanisms de-
pends on the composition, temperature and pressure of the gas, the com-
position, sizes and shapes of the particles, the particle number density,
and the spectrum of the radiant energy.

The attenuation of a beam of monochromatic radiant energy by a

gas containing particles is governed by the expression
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-kT(h)x
I(A,x) = I(A,0) e (1)
where kT(l) is the total linear attenuation coefficient for radiant
energy of wavelength A, and x is the distance the beam traverses through
the seeded gas. The total linear attenuation coefficient for all three
interaction processes is equal to the sum of the linear attenuation co-

efficients for each process separately, that is,
= 1.8 P P
kT(K) ka(l) + ka(k) + ks(k) (2)

where ki(h) is the linear attenuation coefficient due to absorption by

the gas alone, kz(h) is the linear attenuation coefficient due to absorp-
tion by the particles, and kg(h) is the linear attenuation coefficient

due to scattering by the particles. kz(l) and kz(k) are proportional to
the number density of the particles as long as the particles are random-
ly oriented and the average distance between the particles is much greater
than their effective radius, so it is convenient to define the absorption
parameter ua(h) by

kg(h) kg(h)
and L.Ls(?\) =

(3)

b () =

where p is the particle density in grams of particles per cubic centi-
meter of aerosol. Ma(l) is also called the mass absorption coefficient.
The totality of processes by which energy is removed from a beam by a
particle cloud is called extinction, so the extinction parameter is given
by

B ) =B ) 4B O . )
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The absorption, scattering, and extinction parameters are independent of
the concentration of particles.

One may now consider the absorption of radiant energy by particle-
seeded gases to be the sum of two independent processes; absorption by
the gas itself and absorption due to the particles in the gas. The ab-
sorption coefficient of the gas, kg(&), depends only on the composition,
temperature, and pressure of the gas; whereas the absorption and scatter-
ing parameters of the particles, ua(h) and us(h), depend on the composi-
tion, sizes, and shapes of the particles. Thus, kg(k) may usually be
determined for the pure gas and ua(K) and uS(K) for the particles in any
transparent medium and then kT(h) is calculated for the particle-seeded
gas using equation 2 and 3. However, this procedure becomes difficult,
if not impossible, when the composition of the gas and the sizes and
shapes of the particles are changed by chemical reactions between the
particles and the gas.

The basic mechanisms of radiant energy absorption by particle
clouds and by gases are quite different. Since atoms and molecules of
a gas absorb radiant energy in discrete quanta, the absorption coeffi-
cient of a gas may change many orders of magnitude over a wavelength
interval of a few Angstroms. The familiar absorption spectra of various
gases attest to the wide variations of kg(h) as A is changed.

Whereas gases tend to absorb in lines and bands, the absorption
and scattering characteristics of real particle clouds vary gradually
with the wavelength of the incident radiant energy. Thus, ua(h) and
MS(EJ are uniformly varying functions of wavelength. Scattering enhances

energy absorption in particle clouds by increasing the average path
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length traversed by the radiant energy. However, in any given unit
volume of aerosol, the particle-gas mixture is heated only by absorp-
tion, not by scattering. For this reason it is convenient to define

the absorption coefficient of the aerosol, ka(h) by
o B Bioen = 18
K, = kB + kPoy = kBoy +en ) . (5)

Then the scattering coefficient for the aerosol is equal to the scatter-
ing coefficient of the particles alone, since scattering by the gas is

negligible.
= 1P =
kW) =k (A) = pp (A) . (6)

The effect of scattering depends not only on the value of us(h) but also
on the angular dependence of the scattered energy.

The Mie theory,*® published in 1908, is the best known and most
useful theory which describes the absorption and scattering of electro-
magnetic radiant energy by particles. It applies to homogeneous spheri-
cal particles of any diameter situated in a homogeneous transparent non-
magnetic medium. Mie solved Maxwell's equations with the appropriate
boundary conditions and evaluated the total scattered energy as well as
the total energy removed from an incident beam, thus arriving at the scat-
tering and extinction cross sections, O and G Excellent discussions
of the derivation of the Mie Equations are found in the literature.*®7°°

Krascella®?! applied a transformation procedure developed by Aden®®
to the Mie equations to calculate the effect of particle size, wavelength,

and particle temperature on particle opacity in those regions of the ultra-

violet, visible, and infrared spectra for which complex index of refraction
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data were available. Shenoy12 used Krascella's program to extend these
calculations to other types of particles and to a broader wavelength
range.

3
Svatos5

has recently published a solution to Maxwell's equations
for extinction by flattened ellipsoids; however, at present there is no
theory that accurately predicts absorption and scattering characteris-
tics of irregularly shaped particles. Submicron-sized particles of re-
fractory materials are generally highly irregular in shape, so the Mie
theory can only be used as an approximation to the absorption and scat-
tering characteristics of these particles.

Since the Mie theory calculates the extinction cross section, Oe’
and the scattering cross section, US, the absorption cross section is

given by 0 = ¢ - ¢ , and the extinction, absorption, and scattering
a e s

parameters are given by

Oe Ga d OS (7)
i = ——, an = —
e ppV’ Ha ppV s pp
where pp is the mass density of the particle material and V is the vol-
ume of the spherical particle,.

Mie's solution, though derived for a single sphere, also applies
to absorption and scattering by any number of spheres, provided that they
are all of the same diameter and composition and provided also that they
are randoﬁly distributed and separated from each other by distances that
are large compared to the particle radius. Under these circumstances

there are no coherent phase relationships between the light that is scat-

tered by the different spheres, and the total scattered energy is equal
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to the energy scattered by one sphere multiplied by their total number.
Similarly, for a distribution of sizes, the energy scattered by the
spheres of each particular size may be summed to obtain the total scat-
tered energy.

Calculations using the Mie theory require a knowledge of the par-
ticle radius, wavelength of the radiant energy, and the complex index
of refraction of the spherical particles. The relationship between the
complex index of refraction n = n + in_, the conductivity O, the di-

=

clectric constant €, and the permeability W is given by the cquations

nlg = % wel (1 + 40‘36_2\:—3)}i + 1], (8)
and
; S 2
nz2 = % wel (1 + 4to°e 2y 3% - 1] g (9)

where v is the frequency.

The Mie theory is very useful in studying the effect of the par-
ticle parameters on the extinction and scattering cross sections and in
predicting the theoretical values for the measured extinction parameter,
Shenoyl? has varied the input data to the Mie program written by Krascella
and generated the particle size dependence of the heat transfer parameters
for several cases. Figure 4 shows the size dependence of the extinction,
absorption and scattering parameters of submicron carbon particles at a
temperature of 2240°K and for two wavelengths, 2000 A and 6000 &, of in-
cident thermal radiation. The existence of an optimum size is apparent,
as is the sharp decrease in the scattering as the particles become very

small. Figure 5 presents similar results for silicon and tungsten.



Non- conductive particles such as magnesi um oxi de, al um num oxi de,
or silica, have scattering paraneters several orders of magnitude higher
than their absorption paraneters, so they scatter nuch nore thernal ra-
diation than they absorb. Figure 6 shows the extinction, absorption,
and scattering paraneters of al um num oxide cal culated by Pl ass ™ using
the M e theory.

Chenmical Reactions

A literature survey was conducted to obtain information on the
reaction of hydrogen w th possible seed naterial candidates, such as,
tungst en, nol ybdenum silicon, tungsten carbide, silicon carbide, ti-
tanium and carbon. The literature revealed that no reaction occurred
between the metal s and hydrogen other than the formati on of conpl ex
hydrides that are inportant froma strength of materials point, but are
not inportant in the choice of a seed naterial. Roback of United Air-
craft Laboratories made a simlar study of the literature and arrived at
the same concl usi on.

Wiile the nelting point and boiling point of a material that is
nonreactive with hydrogen are inportant, the nmost inportant criteria in
picking a seed material fromthe chemcal viewpoint is the vapor pres-
sure at the high tenperatures. Masser nade a survey of the vapor-
pressure data for 13 refractory materials having |low thermal neutron
absorption cross sections and extrapol ated the avail abl e vapor-pressure
data to 1000 atrnospheres. He found that tungsten was superior to the
other materials (carbon, cerium nolybdenum niobium niobi um carbi de,
platinum ruthenium silicon, tungsten, vanadium yttrium zirconium

and zirconium carbide) with a tenperature of 9340 K at 1000 at nospheres



