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I. SUMMARY

The objective of this research was to provide fundamental information
on radiant heat transfer to particle clouds. The anaelysis performed was
intended to be useful in the evaluation of various nuclear rocket engine
designs and in industrial high temperature applications. The information
gained should also contribute to basic knowledge in the field of heat
transfer and particle technology.

This investigation has involved a wide variety of problems, including
particle cloud generation, optical properties of particle clouds, and
particle gasification in addition to radiant heat transfer to particle
clouds. Four types of particle cloud generators were designed and tested.
Their merits and shortcomings are discussed. Extinction coefficients and
the transmissivity of particle clouds were measured. Discussions are
included on the dependence of the wavelength of the radiation and the con-
centration of the particle cloud. Experimental measurements of particle
gasification were not obtained due to tne lack of g sufficiently intense
radiant source.

Rates of radiant heat transfer to clouds composed of well-dispersed
non-luminous, solid particles of known concentrations were measured. In
agreement with theoretical predictions, clouds of the smaller particles
absorbed more radiant energy than those having the same mass concentration
of larger particles. The absorption coefficient was found to be directly
related to the cross-sectional area of the particles per unit volume of

cloud. Equations are given describing the rate of radiant heat transfer

to particle clouds in terms of the mean beam length, particlevboncentration,

density, and size. Reflective particles were also investigeted; the
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results here were in accord with theoretical approximations. View factors
have been evaluated for a number of conditions when a cylindrical wall is the

emitter. Both black and non-black wal’ 3 were studied. Equations have also

been derived to calculate view factors among zones of any size. Discussions
are also included relative to non-isothermal and variable absorption
coefficient systems.

A cylindrical tungsten furnace was built and the rate of radiant heat
transfer to clouds was measured. The data of carbon black clouds were in
good agreement with theoretical values calculated from view factors. The

data of alumina particle clouds were lower than carbon black due to low

Copdb bk B e

emissivity. Tungsten particles were found to deposit on the heating

element after each test with a tungsten cloud. This phenomenon was not

noticed when carbon black and alumina clouds were used.
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II. INTRODUCTION

The riinciples describing the transfer of heat by radiation were
formulated in the latter part of the previous century, and their anplication
to practical problems has been the subject of many investigations since
that time. The majority of these, however, have related to furnace
technology because here sufficiently high temperscures were :’irst attained
for thermal radiation processes to have commerciecl significance and to
merit the scrutiny of engineers. The problems were primarily associated
with the transfer of radiation between solid surfacec or between solid
surfaces and absorbing gases such as carbon dioxide and water vapor. These
analyses are of limited applicability to this investigation because of the
numerous empirical assumptions about combustion rates, furnace shapes, fuel
characteristics, stoichiometric relationships, etc., that were required.

Radiation heat transfer is currently undergoing a renewal of interest,
the advent of plasma generatcrs, re-entry missiles, and novel concepts in
nuclear technology having focused attention on these new radiation problems.
Solutions are now needed to basic as well as practical problems where
temperatures are much above those in conventional eguipment and where
radiation is the dominant mode of heat transfer.

Detailed information on the absorption of radiation by particle clouds
has applications in other ar=cs as well, X-ray and nuclear radiations,
ror instance, are known to produce chemical reactions in dispersed systems;
Just how is of much interest currently to the process industries, for
example., Particles can be subjected to thermal energy in plasma generating

devices to produce spherical particles, crystal transformations, and size

e
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reductions. For protection in a time of national emergency, particle clouds
night be produced to absorb radiation, both nuclear and thermal, that could
otherwise prove lethal.

Radiant heat transfer is the most important mechanism of transfer at
the temperatures involved in gaseous, nuclear, rocket concepts. It is
dependent -on the opacity characteristics of the propellant gas which may
be hydrogen containing small, absorbing particles. Hydrcgen gas is
(1,2)

practically transparent below SOOOOK even under high pressures, thus

the radiant heat transfer in this region would depend mainly on the particles.

Carbon was initially considered to be the most suitable seeding material.

Tt has good absorptivity, high boiling point, and low density. Also it is
available in large quantities having very small particle sizes. Recently,
however, irregularities have been observed in the absorption of carbon

(3)

particles in hydrogen gas during flash experiments. These may arise as
a result of a chemical reaction at the surface of the particles at high
temperature. More information is needed to determine if carbon particles
and hydrogen gas are indeed a suitable combination for gas-core, nuclear
reactors. In the meantime, the use of several other materials, such as
tungsten, rhenium, and tantalum, has been suggested. These materials are

(4,5)

reported to exhibit no significant difference in opacity at a wave-
length of 0.579 micron, and all of them have a high boiling point. Also
they do not react with hydrogen gas at high temperatures. However, the
theoretical maximum extinction parameter for carbon at a wavelength of 0.k

micron is approximately three times that of tungsten per unit mass of

powder,

e e
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Theoretical studies of radiant heat transfer to absorbing gases and
paiticle clouds have been performed by many investigators$6’7’8’9) In
general, the emitting surface and the absorbing gas have been treated
mathematically as if divided into zones, PFor cylindricel systems, the
enclosed gas was divided into right cylinders and coaxial cylindrical rings
by'Erkku.(7) The wall and gas were divided into zones of length equal to
the diameter and called unit zones by Hoffman and Gauvin.(8) Many
approaches have been used since then to attack the radiant heat transfer
problems for various systems.(lo’ll’lg’l3’lu)

In this study, a new approach was used. The sclutions were first
obtained by integration for a conduit of various length and the curves of
various absorption strength were constructed. Then simple mathematical
maneuvers were suggested to attack difficult problems. The applications
were thus widened. Properties of emitting surfaces and suspended particles
were also discussed. Solutions have been obtained for cylindrical systems;

however, the methods suggested are good for all conduits provided the cross-

sectional areas are uniform.




ITY. GENERATION OF PARTICLE CLOUDS

Many types of particle cloud generators have been employed in studies
of particle cloud properties, each type being good only for limited
conditions. Some types produce uniform clouds but are poor in the degree
of dispersion they produce. Some types work well only when particles are
relatively large. Therefore, choosing a suitable generator is one of the
prime factors in the success of any particle cloud study. Four types of
generators have been used in this investigation for various purposes; they
are described separately in the following sections. The effect of pressure

on the initial dispersion is also discussed.

A. Retaining partition type

The distinctive components of this type of generator are a retaining

(15)

partition within a rotating powder container. The unit is shown in
detail in Figure 1. As shown in section A-A, powder is retained behind a
partition in a slowly rotating container. A thin layer of powder is thus
produced along the bottom of the container. This layer is carried by the
revolving container under nozzle pickups where the powder is entrained in
air passing upward. Particle deagglomeration fesults from the shear forces
generated by the flow through small passages.

Numerous exploratory experiments were required in order to achieve a
suitable deagglomerating nozzle to handle a comparatively large flow rate
and still produce a uniformly dispersed cloud with steady flow character-

istics. Originally, a venturi reducing the channel diameter to about 0.03

inch was employed at the point where the powder-air mixture issued from
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Figure 1. Retaining Partition Type of Particle Cloud Generator.




the generator assembly. At that time the powder was made airborne by
entrainment with-air passing through a perforated plate that covered the
inlet to the aerosol conduit. In practicelly every instance, heavy
agglomerates would form a fluidized bed in the pipe leading to the venturi.
The venturi wes then placed inside the aerosol generator to avoid the
fluidizing effects, but now the powcer entrainment was unsteady. The most
satisfactory arrangement employed multiple, small-diameter passages inside
the generator which served both as pickup tubes and as deagglomeration
nozzles.

The final unit was found to be very good for large flow rate operations.
Particle clouds generated by this unit are fairly uniform provided a smooth
layer of powder is produced by the retaining partition. Dispersion is
generally quite good for particles with mean diameters down to 5 microns
but is only fair for particles smaller than that. Adding particles con-
tinuously to the powder container assured long-time operation without
shutdown. The unit could, it is thought, be modified for high pressure

conditions to improve the dispersion efficiency.

B. Vibration type

The principle of a vibrating cloud generator involves transporting
particles from a powder container to a gas-solid mixing chamber by means
of vibration and then expanding this mixture through a dispersion nozzle.
The feed rate of the powder is controlled by the intensity of the vibration
and the size and number of openings between the powder container and the

mixing chamber. The gas flow rate is controlled by the differential pressure

t
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and the size of the dispersion nozzle. Thus the concentration and quantity
of the particle.cloud cen be controlled.

The arrangement of the vibration type cloud generator is shown in
Figure 2 and the detailed design in Figure 3. As may be seen from the
figures, a powder supply, contained within a high pressure cylindrical
enclosure, rests on an orifice plate having six small, sharp-edged orifices.
The powder is caused to feed through small openings into & mixing chamber
by the vibratory action of a vibrator (Model F-010, Syntron Company, Homer
City, Pennsylvania) on which the generator is mounted. Carrier gas, in
this case high pressure nitrogen, swirls through the mixing chamber and
entrains the particle clusters. From there the newly formed suspension

flows through a short, small tube and emerges from one of the sharp-edged

orifices. The rapid expansion and associated high shearing action effectively

transforms the agglomerated suspension into a good dispersion of particles.

Tests have also been made by using a 3-inch long and 1/16-inch I.D. tube
as the dispersion nozzle. Powder was first found to accumulate at the
entrance end of the nozzle where it either plugged the flow or produced
intermittent surges. This behavior was eliminated by smoothing all edges
in the system against which powders might accumulate and always being sure
that carrier gas was flowing through the system before turning on the
vibrator.

This type of generator is easy to construct and to operate when
particle diameters are above 5 microns. High pressure can be used to
achieve excellent dispersion., However, problems develop when very fine

particles are used. Such powders may plug the holes in the orifice plate
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when th? holes are small. Big holes allow too much powder to fall into the
mixing chamber which plugs the dispersion nozzle, Experiences gained through
experiments show that a r:ght combination of all factors is very important.
These factors include parvicle properties, number of holes leading iato the
mixing chamber, shape of the mixing chamber, carrier gas pressure, and type
and size of the dispersion nozzle. This type of generator can be made to
operate under very high pressures to achieve good dispersion. No internal
moving parts are involved in this design.

A modified model was made for the production of clouds from very fine
powders. A fluidized bed was employed in this design. A schematic diagram
is given in Figure 4. Ceramic or steel balls were employed to distribute
the carrier gas evenly as well as tc prevent powder caking at the bottom
or on the chamber wall, The balls move vigorously inside the chamber when
the flow rate is high. The major problem here is that very fine powders do
not feed into the fluidizing chamber evenly. This difficulty was overcome
by installing a large valve and tube between the two chambers and adjusting
both the valve opening and the intensity of the vibration simultaneously.
One end of the dispersing nozzle was extended inside the fluidizing chamber
to avoid accumulation of particles at the inlet opening. The number,
material, and size of the balls in the fluidizing chamber is dictated by
the particle characteristics and the gas flow rate. The balls can be

illiminated when the particles neither agglomerate nor adhere to the wall.

C. Aspirator type

A particle cloud generator built on the principle of an aspirator is

shown schematically in Figure 5. A venturi is located on top of the

12
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generator., The chamber pressure is regulated by connecting it to the carrier
gas inlet through a valve. The increase in kinetic ernergy in the venturi is
accomplishcd by a corresponding decrease in static pressure. Thus the dense
gas-particle mixture in the chamber is sucked into the venturi. Particles
are deagglomerat-d by the shear forces created in the venturi and are thus
dispersed into a particle cloud. A deaggl :lerator blade is located at the
bottom of the chamber near the inlet of the particle outlet tube as shown in
the figure. The deagglomerator blade keeps the powder loose and uniform for
casy pick-up through the tube. The shaft of this blade is sealed against
pressure loss by filled teflon rings.

The concentration of the particle cloud is controlled by the valves on
the inlet lines to the venturi and to the chamber. A higher gas velocity in
the venturl creates greater suction and shear force. A higher flow rate to
the chamber expells more particles from the chamber and produces higher
particle concentration in the resulting cloud. With a proper sized venturi,
well-dispersed, particle clouds of the desired concentration and ut the
desired rate can be produced by adjusting the valves. An additiongl dis-
persion nozzle can be employed to improve particle deagglomeration if needed.
A powder must be dry before use to prevent caking and the creation of gas
"bubbles" inside the powder. The motor driving the deagglomerator blade
should always be turned on first, then the valve letting carrier gas through
the venturi should be cpened. After this, the valve on the line connected
directly to the chamber is adjusted until the desired cloud ccncentration
is obtained. This generator can also be modified for long time operation
by adding a storage tank and feeding particles into the generator chamber

continuously at the same rate as the particle output.
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D. Stirrer type

I2 13 sometimes difficult to transport carbon black particles, for
example, from one tank to another at a small but constant rate, especially
when the system is operated under high pressure conditions. When long-time
operation is the problem, a large capacity generator is desirable. A
relatively large generator was built having heavy walls for high-pressure
operation, This unit could produce a uniform cloud for a much longer time
than either of those described in Sections B and C and it could be operated
at a much higher pressure than the one described in Section A giving also
better dispersion.

The design of this generator is shown in Figure 6. Powder is "mobilized"
by a mechanical stirrer. The size, shape, and location of the blades depend
on the powder property and the rotating speed. Two thin scraper bars were
installed between the top and bottom blades to scrape deposited particles
from the wall. Three valves were employed; they are designated valves Nos.
l, 2, and 3 on the figure and the following discussion. Valve No. 1 allowed
gas to byvass the particle chamber in order to control the dilution ratio
of the cloud and also to produce shear force for the deagglomeration of the
particles, Valve No. 2 let carrier gas into the chamber to pick up gas-
suspended particles. Valve No. 3 permitted some of the gas to flow through
the powder mass in the lower portion of the chamber and to push out a
denser cloud than was possible with valve No. 2 alone. All three valve
settings could be changed independently or simultaneously. If valve No., 3
was to be used during the cperation, it should be opened before valves Nos.
1 and 2 to avoid particles being pushed into the tube whure they might cause

plugging. Placing valve No. 3 near the chamber also minimizes this problem.
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E. Effecct of pressure on the inltial dlspersion

Cohesion among particles is the inevitable result of van der Waals forces
and the cohesivencss of water and other vapors that may be adsorbed on the

(16,17,18,19,20,21) These forces must be overcome if a powder mass

particles. 1
is to be dispersed. Application of shear is the usual means and it is |
developed by passing the gas-solid mixture through a dispersion nozzle. As |
shown above the nozzle is often nothing more than a round tube or an
orifice.

The shear forces acting on particle agglomerates are proportional to
the dispersion pressure if other factors such as the particle mass, nozzle
design, etc., are fixed. Some investigators have reported<2l> that the degree
of dispersion increased regularly with increasing pressures. This was
investigated in the following manner.

The test system shown in Figure 7 consisted of a pressure tank containing
a fixed quantity of gas at a prescribed pressure, a solenoid valve for
initiating flow of gas to the dispersing device, and the dispersing device L
itself. This particular dispersing device was a stainless steel holding
chamber of a simple U-bend geometry with an exit tube of small diameter as }k~//
the dispersing nozzle. The powder was dispersed into a large chamber and
the transmittance of the particle cloud was measured. Linde-A alumina
(Iinde Division, Carbide and Carbon Chemical Corp.) was employed giving

the results shown in Figure 8. The dispersion parameter 1 is defined hy
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Figure 6. Effect of Pressure on the Initial Dispersion of Linde-A
Alumina Powder.
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where p ig the particle density, Cmo the initial particle mass concentration,
L the beam length, and I /I the transmittance. !

The dispersion parameter is a direct measure of the degree of dispersion
(22)

cf a particle cloud. The results show that the degree of dispersion is
affected very strongly by the dispersing pressure. A coating of antistatic
goent oa the walls of the exit tube of the dispersing device generally

decreased the amount of charge developed on dispersion., Consequently, the

L S a PO, G P

degres of dispersion was improved. Quantitative measurements are still
needed of the influence of antistatic agents on dispersion. Both the
effectiveness of agents on initial dispersion and on stability after dis-
persion are important., It has also been reported(21> that dispersing through
an arc discharge improves powder dispersibility as well as cloud stability.
The presence of a more nearly unipolar charge distribution appears to account
for this effect. Exposure to ionizing radiation has been found to result in
no noticeable increase in the initial degree of dispersion but measurably

to increase cloud stability.
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IV. OPFTICAL PROFERTIES OF PARTICLE CLOUDS

A. Extinction coefficients of particle clouds

Radiation passing throagh a particle cloud has its intencity reduced.
The reduction on passage through a differential path length dx may be

expressed as

dT = -k T dx (2)

where k is the extinction coefficient and I the intensity of the radiant beam.

If k is constant in the direction of radiation, Equation 2 gives
I, =1 &€ (3)

where IO and IZ are the initial and final intensities before and after
passing through the cloud for a distance of 4.

This relationship was known as the Bouguer-Lambert Law for monochromatic
radiation. For a radiant beam of multiple wavelengths, the relaticnship may

be expressed by
I,=] 5,e " a (1)

where IXO and kk are the initial intensity of the radiant beam and the

extinction coefficient at wavelength A, respectively. If kk is independent

of wavelength, which is nearly the case for particle clouds in many

(2k)

applications, Equation 4 becomes

T kA (5)

0°¢

_ k4 f’ _
4= e 0 IKO dA = T
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whicihh 15 the came as Equation 3. The extinction coefficient k may be con-
cidored as Just a proportionality constant in Equation 2 for a certain
roadiant cnergy beam which may or may not be monochromatic., Rearranging

Bquation & gives !

HIH
C I

(6) |

i
U
S
|
B

k

whero iz/lo 1s the transmissivity of transmiltance of the particle cloud with
a thickness 2.
The extinction of electromagnetic radiation by small particles in gases
i of primary interest in the process of radiant heat transfer to particle
clouds. Ixtinction is generally considered to include absorption and
srattering both by particles and the gas if the latter is not transparent.
A portion of the radiant energy is removed by the particle cloud and con-
verted into heat; it is called absorption. The combination of reflection,
refraction, and diffraction is called scattering. Sometimes the diffracted ¢
light deviates only slightly from the original path(gs) and a portion of it
5t1ll may be received by the light-measuring device unless the device is )h_//

(26) If the radii of the particles are larger ////

(27)

plazed at a great distance.
thian the wavelength of the radiation, the diffracted radiation can be
treated as transmitted radiation in radiant heat transfer problems.
Coution must be exercised, however, if the extinction measurement is used
for size distribution measurement.

Sirce a large portion of the scattered radiation travels in the forward

direction and part of it can reach the light-measuring device, the radiation
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reccived and deteeted by the deviee ineludes nct only the dircetly tranc-
mitted radiation but also part of the forward scattered radiation, Since,
in this study, radiant heat transfeor is of the msjor interest, all the
radiation passing through the particle cloud is zonsidercd as tranomitted |
radiation. The porticn lost during the proerss ls consideored Lo be
cxtineteds it inecludes the portion abscrbed by the closd and the rortion ,
seattered by the cloud and not deteetod by the lipghot-ucasuring dovieco,
Figure 9 1s a diagramatic roprescentation showing the oxporimental
arrangement and the dimensicng of the test apparatus., Smoothed data for
IZ/IO were used in Equation & to 2alculate the extinetion coefficient.
Carbon black particle clouds apparently extincted more radiation than Linde-B
clouds of the same volums concentraticn. Particles of beth materials were
examined with the electron microscope. Both materials were still agglomerated
‘ to some degree even though various methods of dispursion were tried, Sizes
of single particles were estimated from examingtions of the better dis-
persions. Carbon black particles were judged to be more or less monosizad L
and to have a mean diameter about 0.03 micron. ILinde-B particles had a wide
size distribution with most of them being below 0.1 micron in diameter but )k-//
a few big particles were noticed in the samples examined. The reflectivity ////
of alumina is higher than that of carbon black. Particle size and reflectivity
may explain why carbon black clouds have higher extinction coefficients than
Linde-B clouds of the same volume concentration. Figure 10 presents measured
results; from it the concentration of particles needed to achieve a desired
extinction value may be estimated. It is %mportant to note that the dis- [

persion efficiency of the cloud generating system, the time between
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pencration of the elouds and the extinction measurement, and the turbulence

cendition are gll important factors to the extinction property. The initial

oonditions and the coagulation rate must be considered when the required
quantity of powder is to be caleculated for many applications. A compariscn

can be medo among various clouds only when all the conditions are identieal,

B, Trancmissivitics of particle clouds

Effoctive dispersion of particles in a gaseous medie is a problem of
fundamental importance to the measurement of particle cloud transmissivity.
It is mraningless to report transmissivities for any kind of powder unless
the degree of dispersion is described., A well-dispersed particle cloud
has a much lower transmissivity than one having extensive sagglomerates. The
purpose of the measurements given in this section is to furnish information
for estimating the amcunt of carbon black needed to constitute a particle
cloud having a desired transmissivity and also to check the dependence upon
the wavelength of the radiation.

Agglomerates in particle clouds arise from the incomplete separation
of powders initially into discrete particles and from particle coagulation
after dispersion, The degree of dispersion depends on the nature of the
powdered material and the effectiveness of the particle-cloud generating
mechanism. Particles have mutual attraction mainly because of van der Wsals
and electrostatic forces; interfacial adhesion is also caused by surface
film and adsorbed components. Obvious means for improving dispersion are

to treat powdered materials so as to remove surface contaminants and to

include additives for minimizing electrostatic effects. Another, of course,

b



is to devise methods that produce a severe shearing action across small
agglomerates, thus effecting better separation of them,

While there are many different types of particle clcud generators, some
of which are described previously, much improvement in the resulting sus-

/ pensions is still desirable, particularly for submicron peiticles., In this
study it was essential that agglomeration be reduced to a minimum and that
particle clouds be of invariant concentration. The experimental device
utilized was of the vibration type in which a gas-particle mixture is caused

(28)

to expand suddenly through a small, sharp-edged orifice, Rapid gas
expainlsion at the orifice creates intense shear across agglomerates, breaking
them apart. Details of this device have been described in Section III.

Clouds of carbon particles {(Spheron 6, Cabot Corporation, Boston,
Massachusetts) were produced and their degree of dispersion was deduced from
% i‘ micrographs. The particles were collected with a Goetz, model E, spectrometer
(zimney Corporation, Monrcvia, California) and a Numinco, model MIC-501,
thermal precipitator (Numinco, Monroeville, Pennsylvania). While these
sampling instruments appeared to be adequate for the present studies, it is
to be noted that the indicated degree of dispersion is highly dependent on
the collection procedure, the location of sampling equipment, and the method
of examination. Caution must be exercised in aeducing particle and agglomarate
sizes from such suspension deposits. For this electron micrographs are
required.

The Goetz aeroscl spectrometer is a device that affords essentially

quantitative collection and size classification of air-borne particles. Its

principle of operation is based on the application of intensive centrifugal

28
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forces to a continuous, laminar-flowing stream of the cloud or merosol. The
device is constructed with two identical helical channels on a conical rotor
such that, when the rotor is turning at e high rate of speed, particles
passing through the channels are deposited according to size alorz the
outer surface of the helical channels. The covering surface is formed by
paper, plastic, or a thin metal sheet wrapped eround the rotor which may be
removed for examinacion of the colle:ted particles. While the instrument is
capable of fractionating small particles, the submicron carbon particles
employed here were not separated according to size. At a rotor speeed of
12,000 rpm, however, a suitably dilute deposit for microscopic study was
obtained. The collection efficiency was not high as determined by passing
the exhaust gas through a millipore filter (Type GS, Millipore Filter
Corporation, Bedford, Massachusetts). The low collection efficiency was a
further indication that the dispersion was very good. Many particles,
including agglomerates, were less than 0.2 micron in diameter. A micrograph
of the particles collected by the spectrometer is given in Figure 11; the
larger agglomerates are well represented.

Particles not collected by the Goetz aerosol spectrometer were collected
by thermal precipitation and the deposits were photographed. Figure 12 is
one of the micrographs of such a deposit. As shown, the agglomerates still
consist of quite a few particles but the total size of the agglomerates is
quite small.

The concentration of the cloud produced was fairly constant after
adjustment of the hole sizes in the orifice plate and the size of the dis-

persi:i nozzle. It remained difficrlt to maintain a desired concentration
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Figure 11. Carbon Black Particles Collected by Goetz Aerosol Spectrometer
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for an extended period to allow a large sample to be collected. Usually,
sampling several hundred liters of cloud was required to give about one

gram of carbon black deposit. A large surge tank was constructed to solve
this problem. It not only smoothed the small pulsations in powder discharge
from the feeder ™t 1 also aid:d in measuring the particle concentration,
The particle cloud was directed from the generator to the surge tank and was
then stirred by a built-in fan before being sent to the spectrophotometer
for transmissivity measurements. Once a reliable transmissivity measurement
was obtained, particle feeding was discontinued and the contents of the
chamber were filtered through an extraction filter, The powder collected was
weighed and the result was divided by the chamber volume (246 liters) to give
the weight-ts-volume concentration. The results, except for very dense con-
centrations, were reproducible to within #10 per cent. The transmissivity
measurements were made with a spectrophotometer (Model B, Beckman Instruments,
South Pasadena, California). A long channel was provided between the surge
tank and the spectrophotometer to maintain steady flow conditions in the
region where the transmissivity measurements were made. The distance which
the radiant beam passed through the particle cloud was seven centimeters.
Results are given in Figure 13.

The results show that the transmissivities of carbon black particle
clouds are independent of the wavelength of the radiation within the range
measured. Unfortunately, the range of the spectrophotometer was quite
narrow. If all the light scattering by the carbon black particles is
assumed to be in the forward direction, the results in Figure 13 represent

a cloud consisting of particles having a mean volume-surface diameter of 0.6
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micron. This value is appreciably larger than the particle size indicated
by Figures 11 and 12. This is likely due to tle carbon black particles
reagglomerating inside the surge tank before the transmissivity was
measured. Samples coming from the exhaust duct of the spectrophotometer
were examined with the electron microscope. These examinations confirmed
that the apparent diameter of the particles and particle agglomerates was

of the higher order of magnitude given.

At high concentration conditions the results were not as consistent
due to the large number of agglomerates created in the particle cloud.

The method described was found to be sufficient to detect the dependence
of particle cloud transmissivity on the wavelength of the radiation and to
yield reasonably good values for the quantity of carbon black requirea to

produce a given transmissivity at the existing dispersion condition.
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V. PARTICLE SIZE AND THE RATE OF RADIANT HEAT
TRANSFER TO PARTICLE CLOUDS
The transfer of radiant energy to systems consisting of nonluminous
particl. well-characterized as to particle size and concentration suspended
' in a gas is described here. The study required the development of an
experimental furnace in which a particle cloud could be exposed to intense
radigtion without having conduction and conviction as major heat transfer
mechanisms, The furnace also had to be one in which the energy absorbed by

the cloud could be determined by enthalpy balances before and after exposure.

A. Apparatus and procedure

Clouds were exposed to thermal radiation while passing through a quartz
tube that transmitted to its interior a sizable portion of the radiation
falling on it externally. The quartz tube was protected from extraneous
¥ heat transfer effects other than radiation by enclosing it first within an
evacuated space and then by an outer, annular region that was air-cooled.
The surrounding, protective tubes were also quartz. The particle cloud was
generated at a constant rate and pre-conditioned to a constant, known
temperature. Then, after passing through the radiation, the cloud was
} cooled calorimetrically to determine the heat absorbed. A filter mechanism
removed the suspended particles from the suspending gas--air--and returned -

them to the cloud generator for re-use. The system was thus designed for

continuous operation. PFigure 14 is a diagramatic representation of the
system showing the arrangement of the principal components.
The generator produced uniform and well-dispersed particle clouds. In

it a thin layer of powder was created in the bottom of a pan-like container
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due to the latter's rotating continuously beneath a retaining partition.
This layer was then carried under a pickup nozzle whers *the powder was
entrained in air passing upward. Particle deagglomeration resulted from

the shear force generated by the subsequent flow through small passageways.
Details of this device have been described in Section III. The newly formed
cloud next passed through an air-cooled, constant-temperature chamber to
allow the streams from the nozzles to mix thoroughly and to bring the cloud
to a known temperature,

The heating elements of the furnace were prepared from Kanthal wire,
(Kanthal Company, Stanford, Connecticut) and supported to grooves spiraling
inside the inner walls of a refractory brick enclosure. Two heating
elements were employved, one for the upper and the other for the lower half
of the furnace. Each was composed of 30 feet of 0.333-ohm per foot wire
wound into a 0.375-inch diemeter coil. The coil helices were spaced closer
to one another at the ends of the furnace to compensate for heat losses
there and to give a more nearly uniform temperature over the heated area.
Further, the temperatures of the two coils were controlled independently.
This arrangement reduced the tempersture differences arising from convective
currents within the furnace. The maximum operating temperature was 2300°F;
the actual operating temperature was held constant at 2280°F.

The quartz tube through which the cloud passed had an inside diameter of
0.5 inch and a wall thickness of 0.04 inch. It was directly irradiated for
a length of 12.5 inches. The two other surrounding tubes had 1.0-inch anu
2.1-inch inside diameters. The middle tube was sealed to the inner conduit,

and the annular enclosure thus formed was evacuated to a pressure of less
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than 0.01 mm of mercury to reduce heat transfer by conduction and convection,

Air was circulated in the outer annulus to protect the outer quartz tubes |
from the high furnace temperature, By this arrangement relatively little

heat was transferred other than by radiation to the clocud. Some energy was

transferred, of course, where the vacuum jacket Joined ths conduit, and

some energy was &bsorbed by the quartz tube itself. The magnitude of these

e

heat inputs was established by experiments with particle-free air,
Measurements of the inlet and exit temperature of the cocling media ‘
and the cloud exit temperature were made with copper-constantan thermocouples.,
These temperatures together with the mass flow rates of the streams permitted
making a heat balance for each and, from these, evaluating the energy gained
by the cloud while in the furnace. The inlet temperature of the cloud
itself was also measured by a thermocouple installed 6.5 inches from the
entrance to the heat exchange section. By assuming a linear temperature
gradient for the cloud along the heat exchanger, the particle cloud tem-
perature could be calculated just at the entrance., A supplementary heat $
balance on the particle cloud system exclusively was then possible. A
radiation shield at the entrance to the exchanger reduced downstream radiation.
The cloud was monitored for consistency of concentration by light
transmission measurements. Absolute measurement of particle concentration
was made by direct sampling. The procedure was to close off the normal
path around the heat transfer circuit and to open simultaneously a sample
tube leading to a filter. The concentration was checked frequently and was
rarely found to vary more than #£5 per cent during a test. % ‘

Finally the cloud entered the sleeve filter where the particles were
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separated from the air, The filter medium was 4 inches in diameter and had
22 inches of useful length. The filter was traversed continuously outside by
a8 ring of air Jets that dislodged the filtered material and thus made

possible continuous operation.

B, Particl: materials

Ferrous sulfide was chosen as a first material because it was black and
easy to disperse. A technical grade from the Baker Chemical Company,
Phillipsburg, MNew Jersey, was used. Preparation consisted of first
reducing it to minus 14l U,.8. Standard Sieve size with a mortar and pestle.
The product was then ball-milled for one-hour intervals and screened until
it passed an 88-micron sieve. Thereafter, sieving was continued to yield
88 to 53, 53 to 4k, and less than Ll micron diameter fractions. Sieves of
the Buckbee Mears Co., St. Paul, Minn., were then empioyed to separate the
less than 44 micrcn material into L4 to 30, 30 to 20, and less than 20 micron
diameter fractions.

Reagent-grade cupric oxide obtained from the Baker Chemical Company was
also employed. Particle size fractions were prepared by the same procedure

as was the ferrous sulfide.

C. Radiant heat flux determination

The radiant energy penetrating into the quartz enclosure and available
for heating the particle cloud was needed to determine the absorption
efficiency of the cloud. The inner quartz conduit was coated with a highly
absorbing material, lamp black mixed into a small amount of epoxy resin

(Resinweld Plastic Alloy, H. B. Fullter Co., St. Paul, Minn.). Then
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experiments were conducted in which water was forced upward through the
conduit to remove the heat absorbed thereon. The contribution from radiation
n=wl to be separated from the total result, however, because the conduit
received heat by conduction and convection as well as radiation. This was
accomplished by performing additional experiments with the inner wall of

the conduit being made as reflective as possible.

A gold coating baked onto the inner conduit wall was :mployed for
this purpose. A fluid suspension of gold particles supplied by B. F.
Drakenfeld and Co., Inc., Washington, Pa., was employed. Baking a deposit
of this suspension to a temperature (1060°F) near tne melting point of gold
volatilized the suspending fluids and formed a smooth, reflective, metallic
surface. The difference, then, between the results, when adjusted for the
actual absorptivities of the two coatings, was the heat transferred by
radiation to the particle cloud conduit.

The heat flux determinations were made with water as the coolant rather
than air to permit better cuntrol of the temperature of the system. For a
pair of experiments, one with each type of coating, the flow rates had to be
identical since both convective and conductive heat transfer were functions
of the coolant flow rate. The absorptivity of the blackened surface was
taken as 0.95 and the absorptivity of the gold surface to be 0.03.

Heat fluxes vere determined for a series of furnace temperatures. The
results conformed very closely to the Stefan-Boltzmann law, i.e., the
radiant energy was proportional to the fourth power of the absolute tem-
perature. This was taken to indicate the general reliability of the
procedure. The radiant heat flux at the operatirg temperature of 2280°F

was 17,600 Btu/hr-ft2 .
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D. Determination of heat transfer rates

A thermocouple at the upper end of the heat exchanger sensed the tem-
perature of the cloud there, and a different thermocouple indicated the
temperature rise of the cooling air as it pasced through the heat exchanger.
These temperatures and flow rates permit establishing an energy balance.

The balance involved the sum of the heat exchanged by the air, the particles,
and the heat exchanger coolant. The reference temperature was taken to be
the temperature of the particle cloud at the entrance to the furnace. This
temperature was quite constant, its variation was not more than a few tenths
of a degree during a test.

The total enthalpy gain per unit time by air without the presence of

particles may be expressed as

AHta = AHa * AHco (7)

where AHCo is the enthalpy gain per unit time by the coolant in the heat
exchanger without particles in the system and AHa the enthalpy not absorbed
by the coolant and carried away by the air in the conduit per unit time after
passing through the heat-exchange section.

The total enth:lpy gain »ner unit time by a particle cloud can be

expressed by

AH, = AHp + AHC

tp (€)

p

where AHcp is the enthalpy gain per unic time by the coolant in the heat

exchanger with particles in the system and AHp the enthalpy not absorbed by

bl
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the coolant and carried away by the particle cloud in the conduit per unit
time after passing through the heat exchanging section.

Air does not absorb radiation under the experimental conditions.
Therefore, AHta can be considered to be the enthalpy gain per unit time for
all cases except those in which radiation was absorbed by particles., When
operating conditions were maintained the same, the enthalpy gain per unit
time attributable tc radiation absorhed by particles can therefore be

obtained from

BH_ = AH, - M (9)

tp

The tcmperature of air or of a particle cloud at the exit of the
furnace was determined by thermocouples installed in the system. This tem-
perature was employed to check the enthalpy gain evaluated by the method
stated above and also to examine whether or not thz system was operating

steadily.

E. Calculation of particle cross-sectional arcea

The particle cross-sectional area per unit volume of cloud, Ap, can be

calculated from the particle size distribution and the particle concentration.

The appropriate expression is

(10)
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or

A, = 2pm 33 = 2pm (dl ) (11)

where Cv and Cm are the volume ana mass concentrations, respectively; n,

the number of particles counted with a diameter of di; and p the particle
density. The mean volume-surface diameter, dvs’ should be used when the

particle cross-sectional area or the surface area of a given volume of

(29)

particles is concerned.

F. Theoretical predictions

Particles suspended in air reduce the intensity of a radiant beam in
the direztion of propagation of the beam just as do absorbing gases. The

reduction along the direction of travel is expressed by Beer's law
Ig=1I,e (12)

where IS is the intensity of the radiation after a beam of intensity IO
penetrates a distance S into the particle cloud, and k the extinction
coefficient.
Fquation 12 can also be expressed in terms of the true projected area
of particles per unit volume of cloud, AP’ as
-EA S
IS = IO e P (13)

where E is the area efficiency factor for particles.
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If the gaseous medium is transparent, the reduction of the intensity of
a radiant beam is due wholly to absorption and scattering by the particles.
Most of the scattered radiation travels in the forward direction, and all of
the scattered radiation is subject to further absorption and scattering by
the particles which it encounters. Therefore, when radiant heat transfer is
of major consideration, the radiant energy actually removed by particles is
only that absorbed by particles during the transfer process. The radiation
scattered by particles may be altered from one path into others, but it
does not convert into thermal energy until it is absorbed by particles.
Based on probability considerations, the amount of energy absorbed from the

beam by a cloud can be approximated by

-A S

I=IO[1-e P] (1k4)

a

Equation 14 is applicable when the particles are black or nearly black.

The conduit through which the particle clouds passed was small in com-
parison to the radiation enclosure. The intensity of radiation falling cn
the cenduit was therefore essentially constant. The rate of radiant heat

transfer to the particle cloud, q,, can be written as

=, C
%?(pdm )

Vs ] (15)

9 = 9% [l - €

where S is the mean beam length. When the value of Cm/(pdvs) is small,

Equation 15 can be expressed as

sy

e o
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a, =39 E(C"‘) (16) ‘

where a is the radiant heat flux passing through the conduit wall; it was

T

2400 Btu/hr in these experiments.

Methods for estimating the mean beam length for certain geometries are
available in the literature.(3o’31) The rate of radiant heat transfer cau
be readily evaluated by Equation 15 once the mean beam length is available.

Unfortunately, the mean beam length for this experiment was too complex to

be obtained theoretically. It was determined axperimentally.

G. Discussion of results

% Three or more independent tests were made for each condition and an
average result was calculated. Figure 15 shows the rate of radiant heat E |
transfer to particle clouds of constant mass concentration as a function of |
the mean volume-surface particl: diameter. These diameters were calculated
from microscopic measurements of many particles.
The smoothed experimental data are plotted as a function of Cm/(pdvs)

in Figure 16. When the value of Cm/(pdvs) was small, the rate of transfer
followed a straight line as predicted by Equation 16. The value of S as

obtained from the slope of this straight line was found to be 0.053 ft.

S5 N

Inserting this value for S into Equation 15 then permitted the rate of

radiant heat transfer to the particle cloud to be evaluated for larger

values of Cm/(pdvs).

The results show that Equation 15 agrees very well with the experimental

T e

data as presented in both Figures 15 and 16. Egquation 16 agrees well only

when the values of Cm/(pdvs) are small as indicated by Figure 16.
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The results of this study show that the absorption coefficient of black
or nearly black particle clouds can be calculated from particle size dis-
: ? tribution and concentration data. The rate of radiant heat transfer to

particle clouds can then be estimated theoretically when proper consideration

P T T

g ‘ is given to the geometry of the system,
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VI. CONSIDERATION OF PARTICLE REFLECTIVITY
IN RADIANT HEAT TRANSFER PROBLEMS

The rate of absorption of radiation by black particles suspended in gas
is directly related to the optical density of the cloud, k#, where k is the
extinction coefficient and 4 the thickness of the cloud. The rate of
absorption is linearly proportiohal to the values of optical density when
they are small., Absorption follows the relationship (1 - e'kl) as the
optical density increasesjy it is unity when the optical density is infinity.
In engineering protlems, nearly black particles can be treated as black
particles bu*t the calculated rate should be multiplied by the absorption
coefficient of the particle material, The absorption of the reflected
radiation is small and negligible in this case, The problem becomes very
complicated when materials arg reflective in nature such as are some
reflective metal particles and small droplets. Since analytical solutions are
not available, a general discussion of absorption characteristics is given

first.

A. Absorption characteristics of reflective particle clouds

Scattered radiation is not considered to be an important factor for

black particle systems because there is no reflection, and the refracted

and defracted radiation is usurlly concentrated in a small solid angle in

the forward direction which means it needs not be separated from the trans-
mitted radiation. When a radiant beam penetrates a cloud of reflective
particles, however, the scattered radiation (including reflection, refraction,

and defraction) plays an important roll in radiant heat transfer problems.
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Assume a parallel radiant beam of uniform intensity is incident on a
cloud of reflective particles as shown in Figure 17. The system under
discussion here is the cylinder of length L and diameter D, which represents
the path of the primary beam in the cloud. The term q, is the radiant energy
incident on one end of the cylinder and qt the transmitted energy from the
other end. The sum of the radiant energy scattered from the cylindrical
wall is designated as a5 the portion reflected back from the end as 9.5
and the portion absorbed by the cloud as Qg

The energy balance equation is expressed by

9, =9, +q, +ta, +a, (17)

o)

All the terms in Equation 17 are functions of mass concentration Cm; particle
density p; particle size distribution or mean volume-surface diameter dvs;
thickness of the particle cloud L; and the particle reflectivity pp,
absorptivity o, and emissivity e.

The rate of radiant absorption for black particles may be approximately

expressed by

C
). oo

as derivec, in Section V. For reflective particles, the radiant energy
absorbed by the particle cloud qa includes the portion absorbed from the
original radiation qao and from the scattered radiation qas’ the result being

expressed by

o]
n
[{e]

a = %0 * das (19)
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Figure 17.
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Diagram of a Parallel Beam Penetrating into a Cloud of Reflecting
Particles.
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where qao can be approximated by

C

90 = ¥ % {l B exp[- %?(pd:s)]} 120)

The absorption rate relating to 95 is a strong function of the particle
reflectivity pp but it also depends on other properties of the cloud. The 1

quantity q, 1is a function of LCm/pdVs as shown in Equation 20, but q_

depends on L and Cm/pdvs separately instead of Just the product of them. If
the product of L and Cm/pdVs is kept constant, the quantity qas would

approach zero as L approaches zero., The value of s will gradually increase

’ as L increases until it reaches a maximum value and then it will decrease as
i‘ L further increases. This can be seen clearly if it is assumed that the
particles are packed into a thin cake and stop all the radiation. The value
of qa in this case is about aqo for fine particles, and qs is nearly zero
if the surface of the cake is considered to be smooth relative to the wave-
length of the radiatior. When the powder is dispersed in the direction of
the radiant beam, particles begin to absorb additional radiation from the
scattering of other particles. The concentration of particles decreases as
! the depth of the particle cloud increases. And last, a great portion of the
scattered radiation is lost to the side and the portion which is absorbed

by widely separated particles becomes less and less as L is further increased.

e g N g

The cross-sectional area A of the parallel radiani bezm does not affect
the absorption efficiency y which is the ratio of qa/qo for black particles.
However, v is affected by A for reflective particles. The quantities of A5

and qg are functions of A. The queatity 95 increases and g decreases as A
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increases. These phenomena arise because the mean beam length for the
scattered radiation is greater for a beam with a greater cross-sectional

area than for one with & smaller area.

B, Estimation of the rate of radiant ..2at transfer

The general characteristics of a cloud of reflective particles were
discussed in the wreceding section., That information may be employed in
estimating rediant heat transfer rates in practical engineering problems.
The following is an example of such a problem.

First, it is assumed that a solution for a cloud of black particles is
already available, If the mean beam length is known, the rate of absorption

for black particles is expressed by

9% = % (l - e-SOAp) (21)

where q_ is the total radiation input rate, §5 the mean beam length of the
original radiation (no reflection and refraction in this case), and A.p the
total projected area of particles per unit volume of cloud.

A proposed equation for reflective particles is
Br = %o * ] * e + qa3 oo (22)

where qao’ qal’ qa2’ qa3, . . . are the ratcs of gbsorption from the original
radiation, for first, second, third, . . ., etc., scattering, respectively.

Let §i, S, §é, . . ., be the mean beam paths of the scattered radiation of

the respective scattering steps. Then the rates of absorption can be written

23




Q9 = aqo(l-e © P) (23) |
’ _ 1
, =S A -S,A
AT
| 9 arppq (l e l-e (2k4)
/
-S A -5, A -S_A
LRI e |
Qgp = AP, 9 \1-e (l-e 1-e ) (25) ‘
-5 A -5, A -5_A -S.A j
- ap 3 ( o p> 1 p) 2 p)( 3p |
Q3 = P70, l-e (l-e (l-e l-e ) (26) |
|
* |
|
|
g |
where o is the absorptivity and pp the reflectivity of the particlie materials. J
Substituting Equations 23, 24, 25, and 26 into 22 gives "
i
-S.A -5, A -S,A
_ 1%p 2( 1 p)( 2 _p) |
Qpp = @ [1 + pp(l-e ) + p.,p l-e l-e 1

T R (P (L) P PR

N

e i

= dr qab (27)

where the coefficient @, is expressed as H 4

£
\
N
—d
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From the nature of the coefficient o, it is appropriate to call it the
absorptivity of the suspended particles. The absorptivity of the suspended
particles is a function of the absorptivity and reflectivity of the particle
material, the mean beam lengths of the scattered radiation, and the particle
projected area per unit volume, All but the mean beam length of the
scattered radiacion have been previously discussed.

Mean beam lengths mainly depend on the particle projected area per unit
volume and the system geometry. In general, the mean beam length is directly
proportional to the size of the system and inversely proportional to the
particle projected area per unit volume. When the system is large and the
particle concentration is high, the mean beem length depends solely on
particle concentration. The mean beam length of the original radiation §5

(30,31)

can be estimated from information available in the literature. The

evaluation of the mean beam lengths of the scattered radiation is very much

f involved. Their values may be assumed to be one half of §; if §$Ap is small.
Caution must be exercised in evaluating the rate of radiant heat

transfer to reflective particle clouds from the equations derived in this

section. The analysis given here is more or less phenomenological rather

than quantitative, Difficulty is to be expected in evaluating mean beam

lengths. The mean beam length defined by Equation 21 mey have a different

o oA
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value from that calculated by integration procedures when the radiant source
cannot be represented by a single value qo. The value of the mean beam
length may be assumed to be constant wher the particle corcentration does

not vary greatly.

C. Experimental investigation on reflective particle clouds

Reflective particles usually are metal particles and liquid droplets.
Zinc particles were chosen here because of their high reflectivity and the
fact that they could be made to have a spherical shape. The cross-sectional
area can be accurctely calculated from size distribution data. The surface
was smoothed and polished by extended circulation abscut a system. The
particles should have the absorptivity and reflectivity for the pure
material, mean values for commercial zinc 99.1% pure with polished surfaces
being 0.05 and 0.95, respectively. Experimental apparatus and operation
procedures are the same as described in Section V.

Gas-suspended small particles of high thermal conductivity flowing
through a hot conduit increase the convective heat transfer above that for
the gas alone., This correction was neglected in the analysis of Section V
because the particles used there were relatively large and had low thermal
conductivity. The actual convective heat transfer rate to a cloud of zinc
particles must include the additional quantity caused by the presence of
particles to the rate for gas alone.

Results relating the Nusselt number to particle loading (the ratio of
the mass flow rate of particles to the mass flow rate of gas) as derived

(32) (33)

from Tien and Farber and Morley are given in Figure 18. Data were

available down to a Reynolds number of 13,500, but the aerosol systems in

this investigation had a Reynolds number of 10,000. From generalized curves,
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however, the data could be extrapolated with acceptable accuracy to the
required Reynolds number for aeroscls with solids-to-gas weight ratios
less than 1.5,

The rate of convective heat transfer to particle-free air and to a

particle cloud may be described, respectively, by

(ac)g = BaA (b, = % Deqn (29)

and

(qc)p pAh( p mean

(30)

witere h is the heat transfer coefficient, t the temperature, and Aw the
inside surface area of the conduit. The subscripts a, p, and w indicate
a property of air, particle cloud, and wall, respectively. The ratio of

these two equations is

(a.) A -t)

c’p _pw Y Apfmean (31)
/g aAw(tw - a)mean

During heatinz, ta was never different from tp by more than 10°F end in
meny cases 5°F. The wall temperature, while not measured, was probaebly
reduced slightly because of the increase in heat transfer. It was assumed
that the mean temperatures were very nearly equal and the heat transfer

with and without perticles was essentially determined by

(d.). n
w
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The ratio of heat transfer coefficlients was numerically equal to the ratio
of Nusselt numbers given in Figure 18. S8ince (qc)a was found by experiment
to be 7.8 Btu/min, (qc)p could be estimated,

The rate of radiant heat transfer to a particle cloud thus can be

evaluated by

9y = 9p = (3.), - [(a), - (a,),] (33)

ar

where qT is the total heat transfer rate to the particle cloud, (qc)a the
convective heat transfer rate to particle-free air, and [(qc)p - (qc)a] the

additional convective heat transfer due to the presence of particles.

D. Discussion of results

The experimental results for zinc particle clouds were evaluated using
Equation 33; they are presented in Figure 19. The absorptivity of the

suspended particles was calculated by

q
Qr = -.E‘-I-‘- (3)4)
9ab
where qab may be calculated by Equations 1l and 15 in Section V. At least
three independent tests were made for each condition; mean values are

presented in Figure 20, The dotted line shown in the figure was calculated

by Equation 28 by assuming all the mean beam lengths of the reflective

radiation equal to 0.006 ft which is about the length of cloud (Ap = 59 ft'l)

when half of the radiation was absorbed. The small discrepancy between the

calculated experimental values and the theoretically predicted values is

29
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probably attributed to the approximation of mean beam lengths and experimental

errors. Results are in good agreement generally.
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VII. THEORETICAL ANALYSIS OF RADIANT HEAT TRANSFER
IN HIGH TEMPERATURE CONDUITS
The rate of heat transfer to a particle cloud in a radiant field of
known flux has been discussed in previous sections., The dependence of the
rate of radiant heat transfer on particle properties has been the major

(31)

concern In this section, both the characteristics of the emitting wall
and the absorbing medium are considered. Sometimes the term "aerosol" is
used in place of particle cloud to indicate that the gaseous medium may
also be absorbing. A cylindrical geometry is chosen in the analysis
primarily because of its simplicity as well as being generally applicable to
high-temperature technology. Most equations with the exception of the
integral ones can be easily adapted or directly applied to systems other
than cylindrical ones provided their cross-sectional arcas are uniform.

The term "gray body" is used to refer to surfaces that emit and reflect

diffusely.

A. Statement of the problem

The general treatment of radiant heat transfer from an emitting wall to
a gas containing particles involves, separately, the energies absorbed by
the carrier gas and by the suspended particles. The combination of these two
factors ic termed here the radiant heat transfer to the aerosol. Therefore,
the absorption coefficient k represents the total absorption coefficient of
the aerosol. In the case of an absorbing gas free of particles, k is the
absorption coefficlent of the absorbing gas alone. In the case of a non-
absorbing gas containing absorbing particles, k is the absorption coefficient

of the particles. The view factor F is defined as the fraction of energy
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emitted from a black surface and received by the aerosol. For gray surfaces,

| f is employed as the view factor. Due to the fact that infinite reflections
occur in a gray-surface system, f is always larger than F for systemé af the
same geometry. It is to be noted that the view factors repfesent only the
fraction of the emitted energy incident on a surface or absorbed by the aerosol.
They are dimensionless and do not show by any means the magnitude of the

actual heat transfer.

B. View factors for black body systems

In genersl, the radiant transfer of heat from an isothermsl black surface
of area A.W to an aerosol nearby or flowing over the surfuace can be expressed

as

q =AF ©T (35)

where the subscript w denotes the wall surface and g the aerosol.
If the absorption coefficient of the aerosol, k, is assumed constant,
the view factor from wall to the aerosol Ewa can be written for g cylin-

drical system as

l; B

, X
e
1
F == . dA_ dA (36)
wa 1'rAw an f;w S2 W oa

where § is the distance between an emitting surface element and a receiving
differential volume of aerosol. The angles between the direction of the

radiation and the normal direction to the surfaces of the wall and the

aerosol are, respectively, Bw and Ba' The quantities of Equation 36 can be , |

expressed by the coordinates shown in Figure 21 as: {
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cos B, dA_ =k aV_ = kr dr dx_ d® (37)
dA_ =R ¥ ax_ (38) |

R=-1rcos¥Y

cos 8 = (39) 1
v [(xw - xa)2 + R2 v . 2Rr cos Y]l/2 1

3,14 j
L
S = :(xw - Xa)2 + B° + r° - 2Rr con ?11/2 (Lo)
I~ Equatio . 26 becomes
: " “P“r'“La;‘Lw r(R - r cos ¥)
- J - I 372
oL Tt To [(xw - x&) + R+ r - zgr cos -

'uxp{-nf(xw - xa)2 + R2 + r2 - 2Rr 2o0s Y]l/(} ax, dxa dy dr ae (&) .

¢

If the absorbing aerosol is completely within the cylinder, then La = Lw = L. |

Thus Equation 41 becomes

F = ﬁL,jﬁfgﬁfﬁfL r(R - r cos ¥)

wa  TLidgg Yoo [(xw - xa)2 + R° + r° - 2Rr cos ?]3]2 <

'exp{-k[(xw - xa)2 + B° + r~ - 2Rr cos Y]l/z} dx  dx  d¥ dr (42) |

}
where L and R are the length and radius of the cylindrical system, respec- t ‘

tively.
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The integrations against X, and X, were performed analytically by means
of a series expansion of the exponential term. The subsequent integrations
for ¥ and r were performed numerically by use of closed-form, Newton-Cotes,

(15)

quadrature formulae. The results for aerosols of various absorption
parameters, kR, are presented in Figure 22 as a function of the length-to-
radius atio, L/R, The radiant heat transfer rate can be easily evaluated

by inserting the value read from the figure intosEquation 35.

C. View factors for gray body systems

Classical radiant heat transfer problems assume black-body behavior. In
general, systems existing in practice are very seldom black. Analysis of a
non-black-body system is complex, but an approximate result can be obtained
relatively easily provided assumptions are made. If a system can be assumed
to have surfaces that are perfectly diffuse emitters and reflectors, the
analysis can be much simplified. A surface usually can be assumed to be
diffuse if it is relatively rough compared to the wavelength of the incident
radiation. This means that all surfaces will behave more diffusely when the
incident radiation comes from a higher temperature source with the same
emitting property.

In a black-surface, cylindrical system, that portion of the radia:ion
passing through the aerosol and reaching the wall of the cylinder is absorbed
completely by the wall. But in a gray-wall system, the portion reaching the
wall is partially absorbed and partially reflected. The reflected energy is
available for further absorption by the aerosol. This infinitely continuing
process adds to the absorption as more reflection accurs. If fwa is assumed

to be the view factor for the gray-surface system which includes the initial
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view factor and the view factors of the continuing process of reflection,
then the radiant heat transfer from the wall to the aerosol can be expressed

as

L
qQ = .tl.w fﬁa €0 Tw (43)
where € is the total emissivity of the wall surface. The view factor fwa

can be expressed by an infinite series as

_ A 2 ,
fwa - Fla T Py Flw Féa L Flw Fou ¥3a

3

te, Flw Féw F3w Fha S S (L4)

where P, is the reflectivity of the wall surface. The view factors, Fla’
an, F3a’ . + +5 represent, respectively, the fractions of the radiant energy
leaving the wall that are intercepted by the aerosol in the first pass,
second pass, third pass, etc. The view factors Flw’ Féw’ F3w’ . e ey
represent the fraction of radiant energy leaving the wall that pass through
the aerosol and are incident again on the wall during the first pass, second
pass, third pass, etc.

A gray surface is assumed to be a perfectly diffuse emitter and reflector.

Thus it may be assumed that

Fla = an = F3a =, . . = Ewa (45)
and
Fi, = Fo, = Fay =+« =F_ (46)
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Equation 44 now can be reduced to

- 2. 2 .
fuo = Fuall * P, Fpy * 0, K " 4. . ] (47)

The value of Py Eww is always less than unity. Thus the expression for fwa

can be further simplified to

F
£ ———— (48)

wa 1 - pw Eww
Substituting f into Equation 43 gives

eF

s = A (Tp) o 1

(49)

The values of Ewa are shown in Figure 22 for various systems. To

evaluate Fww’ the following expression

. os 8 os B
F'wlw2 = ﬁ%;'j;wgf 1 (e kS)(c w;éc W2) dAWl dAwQ (50)

may be employed, where the quantities in terms of the coordinates are:

aA, =R A6 dx (51)
dA, =R aY¥ ax , (5<)
2 2 2 1/2
S = [(xwl - xw2) + 2R” - 2R™ cos Y] (53)
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and

R(1 - cos ¥) (
— 54)
[(x&l - xwe)é + 2ﬁ§ - Eﬁé cos Y]l/e

cos awl = COS8 Bw2 =

Since the emitter and the receiver are the same cylinder, L

wl L ., = L.

w2
Equation 50 thus becomes

w2 2 2 2 2
en“L Y0 Y0 Y00 [(xwl - X5)" + 2R - 2R" cos Y]

-exp{-k[(xwl - xw2)2 + 2R° - 2R° cos Y]l/e} dx , dx . d¥ d@ (55)

or

P = R fL (1 - cos Y)2
ww L e . 2 2 2
000 [(xwl - xwg) + 2R~ - 2R cos Y]
-exp{-k[(xwl - x,)° + 2K - 2R® cos w]l/z} ax . dx , a¥  (56)

The value of Fww can be obtained similarly as stated for Ewa except one
less integral term is involved than for Ewa because of the constant radius R.
Hoffman and Gauvin(B) obtained solutions for cylinders of length equal to one,
two, and three times that of the diameter. Their results are modified and
are presented in Figure 23 with interpolation and extrapolation added.

The view factors calculated by Equation 48 are nearly exact for

relatively dense aerosols. For systems of dilute aerosols, very small errors
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are to be expected for short (length less than radius) or long (length
greater than five times radius) cylinders. This resuls from the nearly
uniform irradiation within short cylinders and the neglig!ble end effects
for long cylinders., For intermediate cylinders, the center vortion receives
more radiant energy per unit area than each cf the end portions. For
example, the center portion of a cylinder having a length equal to three
times the radius receives about three per cent more of the emitted radiant
energy than each of the end portions receives if the absorption parameter,
kR, is assumed to be 0,1. An error analysis with considerat:..on of this
uneven irradiation for a surface of reflectivity of 0.5 was performed, and
the final result showed no significant difference from that obtained by
Equation 48 in which the assumption of uniform irradiation was made.
Apparently, the increase in absorption due to uneven irradiation is very
small,

If the temperature and size of a conduit is fixed, the rate of related
radiant heat transfer to the same absorbing medium within it is proportional
to the emissivity of the conduit wall. To show this relation, it may be

written that

9, =6 aqy (57)

where qe is the rate of radiant heat transfer of a gray wall conduit having
emissivity e and 9y, of a black wall conduit. The coefficient &§ can be

expressed by

§ = g (58)
l - pw Eww

The values of Fww for cylinders can be obtained from Figure 23.
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The coefficient 5 may be called the apparent emissivity of the wall
because it is the ratio of the total radiant energy leaving the gray
conduit wall per unit time (including emitted and reflected radiation) to
that if the wall is black. The values of 6§ for a cylindrical conduit
(L/R = 1) are shown in Figure 24 with the wall emissivity as parameter.
The rate of radiant heat transfer from the cylindrical conduit to the

absorbing medium within it can be evaluated by

= L :
q, = 2MRL 6 F_ o T (59)

where 8 is the value obtained from Figure 24 by *the correspondent emissivity
curve,

The absorption efficiency y, which is defined as the portion of the
emitted radiation absorbed by the aerosol, of a cylindrical conduit
(L/R = 1) is shown in Figure 25 with reflectivity p,, @s parameter. The rate

of radiant heat transfer in this case (non-black conduit) is calculated by

q. =vq (50)

P e

where q, is the radiant energy emitted from the conduit wall per unit time
and is 2nRLeaTwu. For black conduit, y = Ewa' The values of vy for
reflective surfaces approach it for black surfaces when the value of kR is
large because the rediation is absorbed by the aerosol and the amount that
reaches the wall is very small.
Even though the absorption efficiency of a reflective conduit is §

higher than a black or less reflective one, the rate of radiant heat

. N Y . .
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Figure 24.
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Figure 25. Absorption Efficiency of Aerosols in a Cylinder as a Function of /
kR Having Reflectivity of the Wall as a Parameter. ‘
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transfep 1s always lower if the conduit wall temperature is the same. It
must be remembered that higher absorption efficiency means the higher rate
of radiant heat transfer cnly if the radiant heat flux is constant. For
example, if conduit temperature is constant and at equilibrium, i.e.,

e =aand € =1 -p, & cylindrical conduit (L/R = 1) with emissivity of
0.5 will emit at a rate of 50 per cent of that of a black conduit but the
rate of radiant heat transfer is 57 per cent when kR is 0.5. If the rate
of the radiation emitted from the conduit is fixed at 100 Btu/min the rate
of radiant heat transfer to the absorbing medium (kR = 0.5) within the
conduit is about 38 Btu/min for a black conduit and 43 Btu/min for & conduit

having a reflectivity of 0.5.

D. View factors for specular-reflection systems

Specular reflection refers to the process in which the angle of
reflection equals the angle of incidence but with reduced intensity. Many
smooth metal surfaces reflect specularly. Whether or not a surface is
optically smooth depends on the wavelengths of the incident radiation.
Some surfaces that appear rough to the eye may be considered smooth for
long wavelength radiation. So the justification of specular reflection
depends on the wavelength of the incident radiation and the relative
roughness of the receiving surface. It has been stated(35’36) that a
surface may be nearly a diffuse emitter even if it is a specular reflector.
Here, it has been assumed that the surfaces of the cylinders are perfectly
diffuse emitters and specular reflectors.

The view factors for a specular-reflection system are very difficult

to evaluate analytically. The situation is unlike a diffuse-reflection

7
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surface for which the view factors of each reflection pass can be assumed

to be as given by Equations 45 and 46, For a cylinder of infinite length,

however, the solution will be the same as for a diffuse-reflection surface.

It can be shown by an analysis using an arbitrarily chosen beam of initial
! intensity io that the total absorption by the aerosol for this beam is

expressed by

-kS( e-2kS(l - e-kS) + .

. -kS -kS 2
qy 10(1 -e )+ P, 1€ 1 -¢e 7))+ Py i

o)

. -kS -kS 2 _=2kS
10(1 -e V)1 + p, © +p, e + .. .)

1 . o8 -
= io( -K§> (c1)
1l - Py ©

where S is the distance that the arbitrarily chosen beam travels through the
aerosol until it reaches the wall.
If a beam length,'§, is employed, than an overall radiant heat transfer
equation may be written
-kS

Qg = A, €0 1, (22— (é2)

1-0p, e"K8

where the view factor f'wa for a specular-reflection system can be expressed

by

£ = s (63)
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Actually, this expression is the same es Eguation 48 because

_ -kS
Fog=1l-c¢ (64)
1
and
' - 1
_ _=kS
F.=¢ (65) | 1
so that % j
' 1
F
f' =71 (- S (66)

wa, wa - T- pw,Fhw

Usually, cylinders with lengths greater than ten times their radius can

be safely considered as infinitely long cylinders with even dilute aerosols

ey

in them. For a cylinder having a length equal to its diameter (as was the

furnace used in this study) the maximum error will be about 5 per cent for

the experiment with an aerosol having kR = 0.1 if the surface of the furnace

: ¢

; is indeed a perfect specular rerliector with a reflectivity of 0.5. In some : |
practical high temperature systems, the surfaces can either be assumed to i///»_//
be diffuse or to behave in a manner between specular reflection and diffuse

» reflection. Equation 66 is believed to be a good compromise for most

systems of smooth metal surfaces and feirly concentrated aerosols.

E. View factors among zones

If a cylinder with a black wall is arbitrarily divided into two zones, [
say A and B, the view factors for each of the zones to the aerosol in its

zone can be obtained from Figure 22. The view factor from the wall of zone
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A, WA’ to the aerosol in zone B, aB, can be evaluated by the followiné

equation:

_5_.IR "jL (L +LB) r(R - r cos ¥)

F =
"y Yoo [(xg - ) + K + 12 - 2Rr cos ¥15/2

-exp{-k[(xB - xA)2 + R° + 1° - 2Rr cos Y]l/e} dxp dx, d¥ dr (67)

where L, and L, are the lengths of zones A and B, respectively. Both of the

A B
coordinate variables Xp and Xp are along the axis of the cylinder as shown in ]

£ Figure 21,

Similarly, the view factor from the wall of zone B, Wps to the aerosol

SSE et e et

in zone A, aA, can be expressed by

. ) _JRPZ" (L +LB)J'T' r(R - r cos ¥)
vg8y  Mly Yoo 0 [(xB - xA)2 +R° 4 r° - 2Rr cos W]3/2

.exp{-k[(xB - xA)2 + R + r° - 2Rr cos le/z} dx, dxp d¥ dr (68)

e

If two zones are separated by e third zone, an equation with some
modification is needed. In Figure 26, for example, zones A and C are
separated by zone B. The view factors from the wall of zone A to the

aerosol in zone C and from the wall of zone C to the aerosol in zone A can

be expressed by
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Figure 26.

Radiant Heat Transfer Between Zones.
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JL A”(L A+LB+LC)

-k

r(R -r cos Y)

e T L 990 Y0 (L#Lg)  [(xg - x,)° + R + r° - 2Rr cos 3372
'exp{-k[(xc - xA)2 +R° # r° - 2Rr cos Y]l/e} dx, dx, ay dr (69)
and
F LIR L+L+L) _r(R - r cos ¥)
VoA Lo Yo L +L 0 [(xc - xA)2 + R + r2 - 2Rr cos Y]§7_
-exp{-k[(xc - xA)2 +R° + r° - 2Rr cos Y]l/a} dx, dx, d¥ dr (70)
respectively.

By examining Equations 67 and 68,

ships are obtained:

69, and 70, the following relatior-

F =A, F (71)
AB wB*aA A wAjaB
and
F =A, F (72)
AC wc-aA A wAjaC
The lengths of zones A, B, and C vary with each system. If LB = aBFA
and L, = a,L,, it follows that L 4L, = (1-na )L and L,+L+L, = (1+aB+aC)LA.

Then the view factors can be evaluated for various values of LA’ Y and o

This procedure is complicated and also incomplete due to the limited values




of LA selected. A method has been developed to obtain the view factors by

using a simple equation.

For two adjacent cylinders, let LAB = pA+LB. Then the relationship

between the view factors can be expressed as

(AF ). =(AF ). + (AF ). + A,F + AF (73)
wa LAB wa LA wa LB A wAjaB AB wB aA
From Equations 71 and 73, there is obtained
A F = AF =1/2| (AF__). - (AF,_ ). - (AF ) (74)
A wAjaB wB-~aA [ wa LAB wa LA wa LB]

or

LALWA"aB = LBFWB-'aA =1/ 2[LAB(Fwa)LAB - LA(Fwa)LA - LB(Fwa)LB] (75)

The view factors Fwa for various length-to-radius ratios are available
in Figure 22,
If two zones of interest, such as A and C in Figure 26, are not adjacent,

the relationship between the view factors can be expressed by

L,F, =L,.F -L,F (76)

where &po represents the aerosol in eadjacent zones B and € and can be con-

sidered to be & single zone of length LBC’ Equaticn 76 may be reduced to

F, g =F -F (77)
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The values of F and F can be evaluated by Equation 7h4. Similarly,

YA Bge Ya g

there is obtained

F = F -F (78)

For gray-wall systems, the view factors for gray walls are used in the

above equations. The values of view factors can be obtained from

L,f =Lf _ = l/Z[L (r ) - L (f ) -L(f ) 1 (79)
A Waap B w58, AB* ws, LAB A wa LA B wa LB'
If Equation 79 is written in energy terms, it becomes
Q, g =PMRLf €O Tw“ (80)
ACB A °B

The quantity, - includes the radiation emitted and reflected from the
A B

wall of section A and absorbed directly by the aerosol in section B plus

that portion of sabsorbed energy reflected by the wall of section B but

originally emitted and reflected from the wall of section A, In other words,

the quantity qW an represents the additional portion of absorption due to
A

the presence of section A.

In those cases where the absorption coefficient k is not the same in zone

A and zone B, say kA and kB’ respectively, the equations discussed above can-

not be applied without modification. The rate of radiant heat transfer
mainly depends on two factors: the rate of radiant energy penetrating the
boundary of the two zones and the absorption efficiency of the receiving

zone with respect to the penetrated radiation. The former is independent

8L
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of tliz characteristics of the receiving zone, i.e., the rate of radiant

energy penetrating the boundary will be the same regardless of whether the

receiving zone has the same absorption coefficient or not. The latter

factor is a function of kS, where 8 is the mean beam length of the radiation
b penetrating the receiving zone.

Some view factors are defined as:

F (k,, k,) = view factor from the wall of zone A to the aerosol in
Wamap A’ A
zone B when both zones have absorption coefficients of
) RA
; F, (kA’ kB) = view factor from the wall of zone A to the aerosol in
i YA®B
. zone B when their absorption coefficients are kA and kB’
| ; respectively
- F (k). = view factor from the wall of zone A to the aerosol in
» : wa ' A LA
: zone A vhen the absorption coefficient is k,
- F _(x,), = view factor from the wall of zone B to the aerosol of
£ wa' A LB
. zone B when the absorption coefficient is kA |
F (k,) = view factor from the walls of zone A and zone B to the
wa' A LAB
aerosol in zone A and zone B when the absorption ////}kd)
- coefficient is k
B A
? Ffwa(kB)LB = view factor from the wall of zone B to the aerosol of
: zone B when the absorption coefficient is kB
F_(k,), = view factor from the wall of zone A to the wall of
ww' A PA

zone A when the absorption coeificient is kA’

The rate of radiant heat transfer from the wall of zone A to the aerosol

of zone B, if the wal. is black and the absorption coefficient is kA in both

zones, can be expressed by




BT prewia

L
quf . = 2mRL, FWA7aB( A K ) o TwA (81)
where
FwAjaB(kA’ kA) = 5%; [ AB wa.(k ) AB A wa(k ) F (k )LB] (82)

The rate of radiant heat transfer from the wall of zone B to the aerosol

of zone A can, similarly, be expressed by

L
qua.A RLB wBe‘A A’ A wB
where
(k,, k ) L. .F (k ) - L.F (k) LT (k (8&)
wB“a A ZLB [ AB wa‘"A‘L AB A WY A LA LB]

The rate of radiant heat; transfer from the wall of zone A to the aerosol
of zone B, if the absorption coefficients are kA and kB’ respectively, can be

expressed by

L

Uy ey " 2MRL, A'_%( » kg) @ TWA (85)
where
1 - e e )
(ks k) = ——— (k,, X,) (86)
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The term EAB

emitted from the wall of zone A and penetrates into zone B. Its value is

is the mean beam length of the radiation in zone B which is

assumed to be the same for k and kB since they usually do not differ greatly

from one another. When the values of kASAB are small, Equation 86 can be

' simplified to

x1ur'

Py a0 5) = 2T, g (e ) (87) |
If the system consists only of zone A and zone B, the total rate of

radiant heat transfer is the sum of the rates to the aerosol in zone A and

zone B. Letting T A’ and T kB be the wall temperatures and absorption

coefficients of zong A and zone B, respectively, the total rate of radiant

heat transfer to the aerosol in the .system can be expressed by

Yma, = [qujaA * qu“aA] * [qujaB * quuaB] (88)
; where ? ‘ ;
b ‘
: Yya, T 2R Fwa,(kA)LA o T, (89) ‘
' R [l _ exp(-kAgBA)] (s k) 0 T k (90)
= 7 g
quﬁa,A LB 1 - exp(-kB BA) W -'a kB B 2 |
1 - exP('k ) N :
iyep T [1 - exp(-k,§ AB)] " ""‘13(k ) TWA o)
[
L
quﬂaB - 2"RLB F'wa,(kB)LB 9 TwB (%2)
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The values of the mean beam lengths, §AB and §ﬁA’ depend on the values of
ks ks Ly, Ly, and R. If the quantity of FA_.AB(kA), which is the portion of
radiant energy emitted from the wall of zone A and received at the boundary

of zone A and zone B is known, then the value of §AB can be estimated by E f

= 1 W |
Sp3 = - 5 2 - (93) 1
N A A
:
Similariy, :
3 L 11 Frgre, D’ kB)] (9h) 1
= e === 1n - |
BA kg Fpppl¥p’ j

where FBﬂAB(kB) is the view factor from the wall of zone B to the boundary
of zcne A and zone B.
The view factors from the wall of a zone to the boundary adjacent to

another zone can be evaluated by

FAﬂAB(kA) - 1/2[1 - Fwza.(kA)LA - F'ww(k‘t\)?JL.A:l (95) 1
| |
and l
4
= - - 6
Fraaiy) < Tl a6

The rates of radignt heat transfer between two zones of different wall

temperature and absorption .coefficient can be calculated by the equations

-igkﬁ_&wﬁg‘f:myg«ﬁvgﬁwazﬁﬁww&uw.mmm
PP Sy

given above. The information obtained will be useful in evaluating total heat

transfer at a local area if the local heat transfer coefficient is known.

7 B
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A1l the view factors F_ (k ) » F, (k LB, and Fwa(kA)L can be obtained

AB

from Figure 22, For example, F (k ) is the value read from curve kAB of
AB

the figure at abscissa L /R. The view factars F_ (x )L , F (kB)L , and
Fww(kA)LAB can be obtained from Figure 23. For example, Eww(k )pA is the

value read from the figure using the curve kAB and the abscissa LA/R.

F. Nonisothermal emission conditions

The view factors for a black wall system and & uniform absorbing
medium have been discussed in Subsection B of this section. If the wall is
not isothermsl, the rate of radiant heat transfer cannot be evaluated by a
simple expression as given by Equation 35. The temperature term is not a
constant, thus it cannot be removed from the integral function for the view
factor as was done in Subsection B. The equation for a nonisothermal wall
system when the absorbing rniedium is still assumed to * constant may be

written

y
_ okR Izn L, ewTW r (R-rcosV)
m

0°0%0°%0 [(x - X ) +R° + 1° - 2Rr cos Y]3/2

'exP{'k[(xw'xa)z + R+ r2 - 2Rr cos Y]l/z} dx dx ay dr @8  (97)

where the wall temperature Tw is a function of xw, Y, and 8, and ew is
usually a function of Tw’

An analytical solution of Equation 97 has to be obtained for each
individual temperature conditions. The integration procedure is very

laborious even when TW is only a simple function of X Fortunately, the
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solution can be approximated by the results and analysis presented in
Subsections B, C, and E. The procedure of evaluating the rate of radiant
heat transfer from a nonisothermal cylindrical system to an absorbing
medium of constant absorption coefficient is demonstrated below., This
procedure can be used for any conduit of uniform cross-sectional area
provided the view factors for isothermal conditions are available.

The temperature of a high temperature conduit generally varies only
longitudinally at steady state. The conduit may be so divided that each
zone can be assumed isothermal. Of course, the number of zones is dependent
on the temperature distribution. The length of each zone does not have to
be identical. Uneven wall temperatures are generally attributed to three
caguses. One is that the wall is not evenly heated by the energy source.
One is that the absorbing medium flows into the conduit with a greater
temperature difference at the inlet than thereafter, thus the heat transfer
rates by convection and conduction are different from section to section,
Another possibility is that the radiant energy received by the conduit wall
itself is greater at the middle than at the ends where a large part of
radiation is lost. The temperature of an isothermal zone is uniform by
definition but not exactly so for actual conditions. A mean temperature
could be used for each zone in these cases. The mean temperature of a

cylindrical zone may be evaluated by

-
JLZFTRdedL -
p .00 - fzf ™ a9 4 (98)
m sz Gl 2nLZ 0Y0
R 40 dL
0°%0

where LZ is the length of the zone.
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View factors for a black or a uniform gray body conduit have been
presented in Subsections B end C. The view factors amorg zones discussed
in Subsection E apply to the conditions here because they do not depend on
the wall temperature of the receiving zones except when the optical
properties vary from zone to zone. Optical properties such as emissivity
and reflectivity are functions of temperature and surface conditions.

The value of emissivity of each zone is directly related to the output
rate ¢f radiant energy from that zone, so it should be used in the calcu-
lation for that zone. The reflectivity is assumed to be the same throughout
the concuit so that view factors among zones for gray wall systems can be
used. Errors arising from this assumption are not significant because the
total contribution of the reflective energy from other zones is small
compared to direct radiation. Therefore, an average value of reflectivity
may be used in all the gray body view factor calculations. The emissivity
of each zone is employed to calculate the energy emitted from its wall.

If a conduit is divided into n isothermal zones, the readiant energy
transferred from the entire conduit wall to an arbitrarily chosen zone j

can be expressed by the sum of the portion from each zone as

d -4 . *q . Foe o d qw.ﬂa. oo d %y -, (99)
J Jd J n J

where qw“a is the rate of radiant heat transfer from the conduit (which

J

consists of all the isothermal zones) to the aerosol in zone j and qW -, is
n g
the rate from the wall of zone n to the aerosol in zone j.

For black wall systems, the quantities in Equation 99 can be expressed

by
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e, = A Fuoa, T (100)

where U g and Ew are, respectively, the rate of radiant heat transfer
i .

-8, .
17
and view factor from the wall of zone i to the aerosol in zone Jj, and AW and

i
TW are, respectively, the area and temperature of the wall of zone i.
i
For gray wall systems, it may be written that

Uy g = A, T e. of (101)
i 73 i

where ew is the wall emissivity of the zone i. The view factors can be
i i
: obtained from Figure 22 or Equations 75 and 77. Thus the total rate of
} radiant heat transfer from the wall of all zones to the aerosol of all zones

is

2 (5 ) )
= 3 = 3 pN 102
D, J=1 Yya j=1 M=l qwi*aﬁ (

G.  Approximation for systems of variable absorption coefficient

When an absorbing medium flows through a heated conduit, its temperature
rises as it moves forward. The absorption coefficient of the gaseous medivm,
if absorbant, will change according to the gas temperature. Particle con-
centration will be reduced as the carrier gas expands. In this case, an

assumption of constant absorption coefficient is not applicable except when

Basistterin,
e filpadic l T TR
AR >;\f‘?,'i‘%§?‘if:“ i et o biaome g h g e

the conduit is short and a proper average value can be calculated.

\»‘?‘

Zoning techniques will be employed again. The absorbing medium is

divided into several zones each of which is assumed to be uniform in wall
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temperature and aerosol absorption coefficient. The radiant energy absorbed
by a zone comes mainly from the wall of its own and the walls of neighboring
zones, A pructical example is given here in support of this contention.
The length of each zone is chosen as the redius of the cylinder, and the
wall is assumed to be black and isothermal. The aerosol in a zone at the
center of a long conduit absorbs about one half of the total absorption of
that zone from its own wall and about one sixth from each of the adjacent
zones when the average value of kR is 0.01, In this case, only about one
twelfth of the total absorption is from each side of this zone outside
zones immediately adjacent.

Usually an absorption coefficient changes little in a short distance.
Therefore, the assumption that neighboring zones have the same absorption
coefficient as the one being calculated is considered acceptable. Calcu- ;

lations then can be performed by employing the method of the preceding

section. The curve parameter kR from the corresponding value of k in Figure !

22 will be used for each zone. For example, if k, is the absorption

J
coefficient of the medium in jth zone, then the ij curves will be used to
evaluate all q's in Equation 99. If the absorption coefficient decreases
) in the direction of the flow due to thermal expansion of the carrier gas,
then the actual radiant energy transferred to the jth zone from upstream zones
is slightly lower than the calculated value and from downstream zones it

is slightly higher. The errors, apparently both very small, are opposite

and very nearly equal. The calculated results for unit zones by this

approach are nearly exact for systems of constant wall-temperature. For

e




systems of violently changing absorption coefficient, errors, however, are
incurred, ovut other opposing factors change alno and reduce the overall
error. The results are believed to be sufficiently accurate for most
practical calculations.

! The radiant energy transferred to the medium before it enters and
after it leaves the heated-wall section can also be evaluated by Equations
80 and 81 for any extension as long as the absorption coefficient is known
and the diameter of the extended sections is the same as the heated one.

A discussion is also presented in Subsection E about varisable

absorption coefficients. Equations have been derived for several conditions.,
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VIII. RADIANT HEAT TRANSFER IN A TUNGSTEN FURNACE

A. Arrangement of apparatus and general ogeration

The heat transfer apparatus consisted of the following basic components:

a high output power supply and control, a tungsten-element furnace with a
cylindrical heater, an aerosol generator, a transmissivity-measurement unit,
particle-concentration sampler, thermocouples, and an optical pyrometer,

A general view of the furnace showing some of its components is given in
Figure 27.

To make a test, the recorder and photometer were first turned on and
allowed to achieve steady-state conditions. The powder was dried in advance
of a test to eliminate moisture. Next, the cooling nitrogen gas and water
were turned on. The nitrogen gas was directed at the neck of the heating
element where failure tended to occur otherwise. Water was used to cool
the furnace jacket. A small portion of the nitrogen gas flow was employed
to prevent serosol from entering the photometer slits. The carrier gas,
also nitrogen, was then set at the desired flow rate with a rotameter.
After this flow rate was established, the carrier gas stream was switched
so as to bypass the rotameter to avoid its plugging with aerosol during
the test. The nitrogen gas was allowed to flow for a few minutes to purge
oxygen from the system. The surge tank was also sealed off so that there
would be little oxygen in it at the start.

The main power supply was turned on with & shorting bar placed between

the two electrodes to insure against an initial voltage surge that could §
damage the furnace heating element. Then the shorting bar was removed.

The power controller supply was then activated, and the power level was
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Figure 27. Tungsten Furnace and Some of its Components.
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brought up slowly until the desired temperature was achieved, a recorder
monitoring the temperature all the while. The temperature measurements
from all thermocouples were plotted on a recorder. When they attained steady
values, the particle feeder was turned on. The aercsol was introduced first
into the surge tank (when the concentration of the particle cloud was not
uni form) and then fed to the furnace. The desired particle concentration
was detected by the photometer and adjustments were mede as necessary.
The temperature indications then atteined another steady state, giving the
data necessary for heat transfer calculations. The system was shut down
following & procedure that was the reverse of that outlined except that
the cooling system usually was allowed to operate longer to protect the
apparitus.,

The aerosol was sampled occasionally and the collection weighed to
maintain a check on .ie feeder operation. Little or no change was ever

detected unless the feeder was disturbed or a setting changed.

B. _ Furnece assembly and power supply

The heart of the furnece was the heating element which formed, as %

nearly as possible, an isothermal, cylindrical enclosure. Test gases and ;/’///}~J/
particle-gas mixtures were passed through it, and the gain in heat content
wes measured. Sheet tungsten 0.005 inch thick was selected as the heating
element. A strip of this tungsten was formed into a cylinder with two

parallel segments of unbent tungsten leading from one side with & l/8-inch

clearance between them. The parallel segments of the tungsten served as
the power leads. Boron nitride, a very effective electrical insulator up

to refractory temperatures, separated the power leads. Multiple strips of
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tungsten placed in lateral contact with the power leads formed a laminated
electrical conductor that reduced the electrical resistance and prevented
a disproportionate dissipation of electrical energy along this portion of
the aircuit.

The cylindricel surface formed by the heating element was extended on
both ends by similar tungsten components. These extensions were mounted on
the central boron nitride insulator that spanned the total length of the
furnace and served as the principal structural member for securing the
inner tungsten components of the furnace. A 1/16-inch gap was provided
between the heating element and the extension to confine the electrical
circuit to the heating element only.

Formation of the cylindrical furnace components from flat tungsten
sheet was difficult but critical since the axial alignment and the surface
continuity of the heating element and its longitudinal extensions had to
be preserved. To meet this requirement the properties of metal had to be
considered. A sheet fastened rigidly on one side does not remain cylindrical
once formed. Instead, it becomes elliptical when free of restraining forces,
The desired shape was preserved, however, by stress relief while retained
in the desired form by a temporary mechanical structure. In the case
of tungsten, heating to lBOOoF accomplished stress relief and did not
embrittle the metal, the recrystallization (or embrittlement) temperature
for tungsten being somewhat above 1800°F. The boron nitride insulator was
cooled by removing the heat through the power leads to a water-cooled coil

imbedded in the ground-potential electrode.

{
:
¥
:
i
£
&
:

Both ends of the annular channel between the inner and outer tungsten
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cylinders were sealed by steel caps. The gas or particle clouds could
only flow through the inside of the heating element even though there was
a gap between the heating element and its extensions. The heat transfer
system described up to this point wes surrounded by a water-cool2d enclosure.
The material of this case was copper, since copper has a very high thermal
condretivity and provided very effective heat transmission to the cooling
water, No removal of heat from the furnace would have been preferred, but
the intense heat generated within the apparatus had to be confined. The
addition of more adiabatic radiation shields would have been helpful but
was impractical in view of the already complex assembly. A compromise was
made, therefore, of one adiabuti.: and one isothermal radiation shield.
Excessive heat loss was prevented, nevertheless, by gold plating on the
outer shield to reduce radiation losses. The convection heat losses were
not prohibitively high. A schematic drawing of the arrangement is shown in
Figure 28.

Gas flow into and out of the furnace conduit was through connectors
made of steel since temperatures in this region were relatively low.
Sauereisen cement (servicable up to 3000°F) sealed the connectors to the
tungsten conduit. The ends of the connectors were capped. Swagelock
fittings provided for the insertion of thermocouples irto the chamber. The
upper conduit connector was water cooled where it passed through the pro-
tective covering of the furnace assembly. Cooling was attained by circu-
lating water through a channel in the upper sealing ring. The removal of
heat at this point was beyond the test region in the aerosol conduit; its

remcval prevented heat dissipation into the aluminum cover.
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The power supply of the system could d= iver a single-phase current of
up to 1200 amperes at 480 volts., The input to the furnace was controlled
by a saturable-core reactor, having e capacity of 125 kilowatts. Control
of the reactor was achieved with & solid-state circuit that, at full power,
delivered 6 amperes and 75 volts of saturating direct current. The alter-

nating power level was monitored by a precision ac ammeter and kilowatt

meter. The kilowatt meter allowed the operator to set the power input

precisely at the desired level. By recording the voltage and amperage

levels during a test, the resistance of the furnace under the test condition

could be calculated. These values served to give & check on the furnace

temperatures; an optical pyrometer was employed for this purpose.

power control panel and a temperature recorder ere shown in Figure

C. Particle cloud generation

The

29.

A vibration-type generator was used in the early stages of the

investigation., The dispersion from it was very good but the cloud was not

uniform at high concentrations. An aspirator-type generator was built to

solve this problem. The clouds produced from the latter unit appeared

uniform to the eyes but fluctuated according to the photometer register.

To overcome this the aerosols were passed through a large surge tank

incorporating a fan. The aerosols emerging from this tank were quite uniform.

When a long period of operation was desired with a varying aerosol con-
centration but other factors held constant, a large capacity generator was
needed. A stirrer-type generator was built for this purpose; it performed

satisfactorily. In some instances the particle clouds produced were so

uniform that the surge tank could be bypassed. This eliminated the
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reagglomeration of particles while in the tank and also reduced the
possibility of oxygen contamination in the gas which reduced the life of
the furnace.

The details of construction of each particle cloud generator are
described in Chapter III. The performance of the generator depended greatly
on the physical properties and pretreatment of the particles. Nevertheless,
the performance of the generators was found to be different from time to
time, especially when submicron particles were used, regardless of the

pretreatment

D. Measurements of aerosol properties

The aerosol properties of interest were optical density, or trans-
missivity, and particle load. The former was employed to evaluate the
absorption coefficient of the aeroscl and the latter to clarify the degree
of dispersion and the amount of powder required to absorb a specific quantity
of radiant energy.

A Beckman, Model B, spectrophotometer was used initially to measure
the transmissivities of the aerosols. It was difficult to keep the windows
clean in the standard system, however. Accordingly, a fourteen-inch long by
two-inch insidz diameter circular section with & rectangular cross-section
midway was installed on the furnace outlet. The lamp and photo cell of the
spectrophotometer were then physically removed and placed in specially fab-
ricated, air-flushed housings at the ends of the extension. A thermocouple
was installed near the center of light beem passage so that the aerosol
temperature could be measured as it passed through the extension. This tem-

perature was employed to obtain the true absorption coefficient inside the

furnace.
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Two methods have been employed to evaluate the particle concentration
of the aerosols. One utilized Greenberg-Smith impingers as collectors and a
calibrated centrifugal suction pump. Another employed thimble filters instead
of the impingers. Samples were taken from the gas stream only when stesdy-
state aerosol flow has been established. With the impinger system, a small
amount of detergent was added to the water to aid in the wetting and
collection of the particles. The collected matter was recovered by fil-
tering the water through a millipore filter and weighing. With the thimble
filter method, the moisture content of the filter itself could have been
significant in comparison to the weight of the collected particles. The
filters were dried in an oven at identical temperatures before and after

the sampling to avoid errors due to a weight change of the filters themselves.

E. Temggrature mea surements

The main sources of error in measuring the temperature of a gas by
means of a thermocouple are (1) the exchange of radiation between the
thermocouple and the surroundings, (2) the rate of heat flow by convection
along the thermocouple from the gas, and (3) the rate of heat flow along
the thermocouple leads by conduction. A protective shield on a thermocouple
reduces the radiation exchange mainly to that between the shield and the
‘thermocouple. The reduction differs with the geometry and radiation
properties of the system and the shields. Fishenden and Saunders(37) and
Bosanquet(38) discuss the wall effect in gas temperature measurements with
a thermocouple. McAdams(3O) also suggested a few methods of calculating the

true gas temperature.
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In this study, the measurements of aerosol temperature were made by
installing three sets of two thermocouples each symmetricelly about the
heating element, i.e., so that both the thermocouples of each set would
recel : the same among the radiation from the heating element 1l the latter
was heated uniformly. Thus it could be assumed that errors will be
approximately identical for the thermocouples of a set. The thermocouples
were installed at the locations within the furnace as shown in Figure 30.

Initially, the thermocouples were 8ll of chromel-alumel and were not
shielded. Soon it was found that thermocouple No. 5 always failed when the
furnace temperature was raised above 3500°F. Those thermocouples near the
heating element were replaced by platinum-platinum rhodium ones and
shielded by rolled platinum covers. Various:'shapes of shields were tested;
the most satisfied one was found to be cone-shaped. At the small end of the
cone, a round hole of about 1/8-inch diameter was made. This hole allowed
aerosol to pass the thermocouple but stopped all direct radiation from the
heating element.

Most of the experimental measurements given in this report were made
with thermocouples shielded so as to block more than 80 per cent of the
incident radiation. The shields were made as nearly identical as they could
be so that equal temperature errors could be assumed, the difference in the
temperature of the aerosol entering and leaving being the major concern. As
designated on Figure 30, the average value of the difference between thermo-
couples Nos. 1 and 4, and Nos. 2 and 5 was used as the temperature gain of
the aerosal. These two values were usually very close to one another. 1In

case thermocouple No. 5 failed or was moved to another position, the
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Figure 30. Positions of Thermocouples Inside the Tungsten Furnace.

106

i




SRR et B e
i B et e A L e S R

temperature difference between Nos. 1 and 4 alone could be used for the
calculation. Thermocouples Nos. 3 and 6 detected the l.ust error due to
radiation, so their indications were used to estimate the absolute tempera-

ture of the aerosol in the furnace.

F. Radiation properties of the heating element

An examination of the radiant properties of tungsten was made to
support the assumption of angular independence of emissivity and reflectivity.
Fresnel's equations are valid for a smooth and homogeneous surface. The main
factors affecting radiant properties are the index of refraction n and the
absorption coefficient k. The values of n and k for tungsten are 3.47 and

3.26, respectively(36’39)

for incident radiation of wavelength 0.5893
micron. The angular reflectivity p(é) is one half the sum of the angular
reflectivities on the plane of incidence and the plane normal to the plane
of incidence with nitrogen gas, for which the index of refraction is one,
being the medium.

The angular reflectivities of tungsten are calculated to be as given on
Figure 31 using values reported by Holl.(39) If the general Kirchhoff-law
relationship applies, the angular emissivities of tungsten can be evaluated
with the results being as shown by Figure 32. The values of the monochromatic
emissive power of a tungsten surface and a black surface at hBOOOF are
plotted for comparison in Figure 33. The assumption of diffuse emission fo:
a tungsten surfacz is believed justified on the basis of Figures 31, 32, a:i
33. Whether or not a tungsten surface reflects diffusely depends also on
tne roughness of the surface and the property of the incident radiation. As
discusced in Section VII, deviatiory from diffuse reflection has far less

irifluence on the results than has deviation from diffuse emission.
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The values of totel emissivity of tungsten were ob%ained from the Hand-
bock of Chemistry and Physics. There are very little differences between
(ko)

these values and those reported elsewhere.

G,  Results and their comparison with theoretical predictions

The total radiant energy emitted from the inside wall of the cylindrical 1

heating element was calculated by

L 4

9, =A,c0 T, (103)

e

where A 1is the area of the inside surface of the cylindrical wall (= 2rRL).

; The value of the total energy emitted from the inside wall qe is shown
as a function of wall temperature Tw on Figure 34, The absorption efficiency
of the aerosol v is defined as the portion of emitted radiation absorbed by
the aerosol. Thus the radient heat transfer can be calcuiated by multiplying
the emitted energy of the wall by the absorption efficiency of the aerosol.

Radiant heat-transfer rates were obtained by subtracting the heat- % ¢
transfer rates by conduction and convection from the measured overall values.
A blank test, or one with no particles seeded, was made prior to each test
when particles were added. This approach is not quite ideal because the ;
temperature of the gas medium is not exactly the same between unseeded and
seeded gas at a given location inside the furnace. Fortunately, the temperature
measurements showed that the mean temperature difference between the wall and

the gas medium was nearly the same in both cases. This is to be expected

because the entrance temperature of the gas was somewhat greater when unseeded

than when seaded due to more radiant energy being transferred beyond the
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Figure 34. Total Radiant Energy Emitted from the Inside
Wall of a Tungsten Cylinder with L =D = 1.5 in.
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limits of the furnace. The results are presented in Figure 35. The
theoretical curves are based on the assumption that a tungsten surface
behaves like a gray body. The difference between the 3500°R and L4600°F
curves in Figure 35 is due to the difference in emissivity and reflectivity.
In general, surfaces with lesser emissivities but greater reflectivities
give greater efficiencies but lesser overall radiant-heat-transfer rates.
This is due to the fact that initial radiations emitted from those surfaces
are less,

Total heat transfer rates at 3670°R are presented in Figure 36. The
experimental data were calculated directly from the temperature measurements
without corrections for convective heat transfer. The predicted curve
represents the sum of the theoretically predicted radiant heat transfer rate
and the ec.perimentally measured convective heat transfer rate with particle-
free nitrogen gas. Results showed that the tctal heat transfer rate was
essentially doubled when pure nitrogen was seeded with carbon black to a
volumetric concentration of only 10 ppm.

Particle clouds of Linde-B alumina (Linde Division, Carbide and Carbon
Chemical Corp.) and tungsten (Fisher Scientific Company) were also tested.
Linde~B alumina powder is white and the diameters of its particles are in
the submicron range. Absorption efficiencies measured for Linde-B were
lower than for carbon black because of its non-black surface. Particle
clouds of Linde-B also contained many agglomerates. The value of the
absorptivity of the material as a flat surface thus cannot be taken as the
absorptivity of the surface of the particles. The absorptivity of Linde-B

particles as revealed by the experimental data given in Figure 37 was about
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0.65. This value was somewhat higher than the value for a flat surface
because the agglomerated particles absorbed the reflected radiation from
themselves. The net radiant energy absorbed by an agglomerated particle
or a particle with rough surrface is always higher than a snooth solid sphere
of equivalent diameter except for black particles,

Irregularities were observed when tungsten particles were employed.
The reliability of the data was thus questionable. The surface of the
heating element was usually clean after a test with carbon black clouds, but
a relatively heavy deposit of tungsten particles was found after each test
with a tungsten cloud. As Figure 38(a) shows, the deposit formed only on
the heating element and not on the extensions which were made of the same
material, viz., tungsten, Electric power, which was fed only to the heating
element, apparently created an electric field and caused the deposition.
Figure 38(b) shows three heating elements. The one on the left is new. The
one in the middle was used in tests with carbon black clouds. It was broken
during disassembly of the furnace, but its surface was clean. The one at
the right represents a typical heating element after a test with tungsten.
The deposit could be scraped off easily and no fusion between the particles
and the surface of the element was evident. The deposit altered the
resistance of the heating element and its temperature, however. The emissive
property of the surface was also changed. Only the initial temperatures of
a test were employed to calculate the data presented in Figure 37. It is

questionable if equilibrium and steady state were achieved, however.
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Figure 38.

(a) HEATING ELEMENT IN T'URNACE

(b) COMPARISON OF THREE HEATING ELEMENTS

Deposition of Tungsten Particles on the Tungsten Heating Element.
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IX. STUDY OF PARTICLE DISAPPEARANCE
IN RADIANT FIZLDS

A. Background of the stu@x

If particles are used to seed the propellant in some future gaseous-
core, nuclear rocket, the lifetime and vaporization or sublimation rates of
the particles must be well understood. The particles must not lose their
absorption function before the propellant gas itself reaches a sufficiently
high temperature to become absorbant. If a so-called "window" exists in
the propellant system the vessel wall may be damsged.

Theoret._.cally, this rate of disappearance is a very complex problem
involving simultaneously momentum, heat, and mass transfer. The heat
, § transfer rate is the most important and it involves conduction, convection,

and radiation, the latter being of major concern. The properties of the

aerosol mginly involve the concentration and size distribution of the
particles; these factors will vary both radially and longitudinally in a
cylindrical system if the particles are vaporizing or sublimating. It is
expected that & boundary will be formed within the aerosol on one side of
which there will be no particles.

= Williams(ul) studied the vaporization of mist by radiation by assuming

uniform radiant energy flux, steady state, and the particles to be nearly

transparent spheres. This analysis provides a good starting place for

(42,43)

this study. Other sources utilizing much simplified conditions are

available. No information concerning vaporization and sublimation occuring

R EER e sk Rt e

in a flowing aeroscl has been found in the literature.
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B. Experimental studies and discussion

The purpose of the experimental work was to find out whether or not the
phenomenon of particle disappearance could be investigated in a radiant
field generated by an electrically heated furnace. In order to reduce the
effects by the heat transferred by convection and conduction, the experimental
apparatus was built to avoid direct contact of the aerosol and the hot surface
of the heating element.

The radiant heater, which is shown in Figures 39 and 40 consisted of a
tungsten heeting element, an enclosure, a square glass window, and a cooling
system for the enclosure and the window. The heating element was made of a
0.005 inch thick sheet. The element was 3 inches wide by 11 inches long.

It was cut into five strips in such a way that each was connected to others
at only one end. The resistance crossing the heating element thus was
relatively high and the controlling reactor would not be overloaded even

at the maximum power the heating element could withstand. The effective
heating area was 3 inches by 9 inches as shown in Figure 41, The enclosure
was made of brass and the inside was partially gold plated to reduce the
absorption of radiation. It was water-cooled, and rubber O-rings were used
to seal the top and the window. Several window plates were used; they were
1/8-inch thkick pyrex glass and 1/4-inch pyrex and quartz plates. The size
of the window was L4 inches by 10 inches. An air cooling system was built
outside the window to cool both the window as well as the near side of the
ractangular conduit.

The aerosol conduit was made of pyrex glass with a cross-section of

3 inches by 5 inches. The conduit was 2 feet long with aluminum extensions
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Figure 40. Radiant Heater for Particle D'isappearance Studies. |
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on both ends. The inlet section was 3 feet long and the outlet section 1
foot. The arrangement of the conduit is shown in Figure 42,

A water aerosol was generated bty an ultrasonic nebulizer (DeVilbiss
Model 880). An outside air supply was used so that the concentration and
flow rate of the aerosol could be controlled.

To make a test, the aerosol was introduced intc the conduit first. A
few minutes were usually required 1o reach a steady flow. Then the
cooling air and water were turned on. The power supply was next turned on
with a shorting bar placed between the two electrodes as insurance against
an initial voltage surge that could damage the heating element. Then the
shorting bar was removed. The power controller, finally, was activated
until the desired temperature wa.; achieved.

Many tests were made but no significant aerosol disappearance was
detected. The water droplets could be seen to evaporate gradually as they
passed the radiant field but no clear boundary was observed. The temperature
was increased until either the heating element burned out or the window
cracked. The enclosure was operated either under vacuum conditions or
with helium gas at atmospheric pressure. It was found that a window of
l/8-inch pyrex glass performed when the enclosure was filled with helium
gas just as satisfactorily as either the 1/L-inch quartz or pyrex glass
either under vacuum or filled with helium. A clean "particulate-free"
zone never occurred.

The failure of this experiment is mainly attributed to the lack of a
sufficiently intense radiant field and the weak absorption of the fine

water mist. A more intense radiant heater than could be obtained was
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Figure 42. Aerosol Conduit and Radiant Heater.




needed to vaporize such particulates and also more absorbing particulates
could have been used. Black ink, for example, added to the water would

increase the absorption to some degree.
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X. CONCLUDING REMARKS AND RECOMMENTATIONS

The primary purpose of this study was to investigate radiant heat
transfer to particle clouds. Many aspects of the problem, both directly
and indirectly involved, were studied. Concluding remarks on each of
these studies are as follows:

1. Particle clouds having uniform density and a specific concentration
are difficult to generste especially when the particle diameter is below
one micron, PFour types of cloud generators were designed, constructed,
modified, and tested. Main factors to be considered in choosing a cloud
& nerator are particle size, density, and surface condition; electrostatic
charge generationj desired cloud properties such as optical density,
particle concentration, and dispersion condition; quantity of cloud
generated per unit time; and the time for generation of the cloud without
a stop for refilling. High pressure is required for good dispersion.
However, the effectiveness of increasing pressure is gradually diminished
as the pressure rises, Complete dispersion of fine particles such as
carbon black has not been accomplished with existing techniques.

2. Carbon black clouds yield the highest extinction coefficient
among all the materials tested at the same volumetric concentration. The
transmissivity of carbon black clouds is essentiaglly independent of the
wavelength of the radiation in the range from 0.4 to 0.65 micron.

3. Equations were derived for the rate of radiant heat transfer to

black-particle clouds in terms of the mean beam length, particle concentration,

particle density, and particle size. Experimental results are in good
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agreement with the theoretical predictions. Systems of reflective paiticles
require consideration of the absorption of reflected radiation. A rigorous
analysis was not made.

4, View factors were evaluated for black, cylindrical systems by a
combination of analytical and numerical methods. These results are
presented by figures. Equations were derived for evaluating view factors
for non-uvlack body systems from view factor values of black systems,

5. Equations for view factors among zones of any size were also
derived. Methods were presented for attacking problems of non-isothermal

emission and variable absorption conditions by employing the basic equations

for view factors among zones. The rate of radiant absorption of any zone
in a conduit thus can be calculated. If the convective heat transfer
coefficient is known, the total heat transfer at any local section of any
size can be predicted.

6. A cylindrical tungsten furnace (L =D =1.51in.) was constructed
and tested. The maximum temperature achieved was M900°R. Radiant heat
transfer measurements to carbon black clouds made with it yielded results

in good agreement with theoretical calculations that assumed the tungsten i

surface gray. Irregularity was observed when tungsten particles were used. ‘

7. Particle disappearance in radiant fields was investigated, but i
satisfactory results were not obtained. The tungsten heating element as k |
employed was not able to generate enough radiant energy to permit obtaining ;

formed or the clouds must pass directly over the source to give additional !

meaningful results. Either a more intense source of radiation must be : 4
heat from the convective process. | i
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Recommendations for future studies are as follows:

1., View factors should be determined for systems having essentially
the geometry of conceptual nuclear rocket engines by a combination of
analytical and riumerical approaches.

2. Back radiation from the aerosol to the surrounding surfaces should
be investigated with respect to the particle properties and tine system
geometry.

3. Theoretical solutions should be further checked by experimental
evaluation with emphesis placed on systems of non-uniform emitting
surfaces and absorbing .wedia. The equations for radiant heat transfer
among zones also need to be confirmed experimentally.

4. Absorption properties of clouds consisting of reflective particles
and translucent droplets should be obtained in case non-black particles are
selected as the seed material and the particles may melt to droplets before
gasification occurs.

5. Further theoretical and experimental investigations should be
undertaken into the generation of well-dispersed particle clouds.

6. A high intensity radiation source it needed for particle gasifi-
cation studies. Theoretical analysis of the gasification of particles in
radiant fields and the effects of gasification on the absorption character-

istics of the seeded gas are also needed.

Respectfully submitted:

Gy,

Clyde Orr, Jr.
Project Director
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