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ABSTRACT

One of the principal purposes of the work reported was to study
the stability of gas-solids suspensions in the presence of a thermal
gradient. Previously reported experience with unstable suspensions is
summarized.

A gas-solids centrifugal circulator, suitable for operation at
a temperature of 600*F or greater and at 10 or more atmospheres of pressure,
was designed and built at The Franklin Institute. This compressor
utilizes a buffered gas pressure seal and standard grease packed ball
bearings. It is installed in a closed loop having an absolute minimum
of lubricant vapor contamination. The circulator and the associated
closed loop equipment are described. The equipment includes an AFC gas-
graphite densitometer developed elsewhere which utilizes two Promethium
147 radiation sources.

A study was conducted to investigate the suitability of a
number of materials that may find application as the particulate matter
of a gas-solids suspension from the standpoint of coolant activation and
the concomitant need for radiation shielding of the cooling stream.

A probe was developed which detects the accumulation and removal
of graphite at a flow boundary surface.

A basis for predicting the advent of suspension instability in
the form of deposition at the cold wall of a heat exchanger was developed.
This approach uses a simple model of shear stress at the wall and the
force on the particle due to a thermal gradient at the wall. Preliminary
observations of deposition and removal of graphite in carbon dioxide gas
were obtained which encourage the use of the shear force - thermal force
model as a basis for predicting the flow conditions necessary to maintain
a stable gas-solids suspension. Other theoretical developments relate
to the effect of turbulence in promoting removal of deposited graphite.
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CHAPTER I

INTRODUCTION

The use of gas as a reactor coolant in spite of its comparatively

low heat transport and its low heat transfer characteristics has led to

attempts at mitigating these two penalties. One of these attempts has

been in the form of using particulate matter suspended in the gas to in-

crease both the volumetric heat transfer capacity of the coolant and the

heat transfer film coefficient.

Heat transfer to a gas-solids suspension was the subject of

tests run at the Babcock & Wilcox many. Work on the re-

lationship of gas suspension heat transfer and pumping power, jointly

sponsored by the Atomic Energy Commission and the Department of the Interior,

is currently being reported by the Bureau of Mines Coal Research Center. 7 ' 8

Reference 8 briefly reviews recent heat transfer work. Earlier U.S.

work is reported in References 9, 10, and 11. U.S.S.R. work to 1960 is

described in Reference 12.

The Franklin Institute entered into a contract with the Atomic

Energy Commission to pursue this topic with special concern for the prob-

lem of gas suspension stability which was noted to a minor extent in the

Babcock & Wilcox Company experiments, and to a greater extent, in the Bureau

of Mines test loop. The consequences of a tendency of the solid phase to

separate and adhere to the fixed boundary surfaces in heat transfer equip-

ment could be extremely serious and this effect alone, if it cannot be

controlled, would be sufficient to eliminate the gas-solids suspension

from consideration as a reactor coolant.
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As a form of introduction to the problem, quotations from some

of the experience with gas-solids suspensions, with comments on the

tendency of solid particles to deposit on walls, is presented below. The

first quotation, from Reference 6, refers to experience with graphite:

"We observed an unusual type of particle adherence on

the heat exchange surfaces of loop coolers at large

heat fluxes with helium as the suspending gas. The

particle coating completely fouled the heat-exchange

surface but did not plug the tube. The formation of

this coating may thus be associated with anisotropic

Brownian particle motion along a temperature gradient

in the gas-boundary layer. We believe this coating

tendency can be suppressed by, running at gas pressures

above the 50-75 psig range at which it occurred. This

difficulty was never noticed in heated sections of the

loop or when heavier suspending gases (N2, CO2, CF )

were used."

From Reference 7:

"Flow was characterized by a gradual reduction of

solids concentration, with occasional surges when

particles that had settled out became re-entrained.

Heating the suspension seemed to increase the settling

of solids to the extent that it caused partial plugging.

As the graphite concentration dropped, additional

graphite was added. During 22 hours of recycling,

500 grams of graphite were added in this manner

"Eventually, flow was reduced to a fraction of its

original value. When the loop was dismantled, it

was observed that:
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1. More than 60 percent of the graphite
was packed in the annulus of the cooler.

2. Flow channels of the multi-tube simu-
lated fuel element in the induction-
heated section were open, but graphite
had accumulated in the insulated space
around the element.

3. 'Sooty' deposits of graphite remained on
some portions of the loop, demonstrating
the agglomerating nature of the dust."

The Bureau of Mines paper Reference 8:

"Graphite continued to plate out on the cold walls

of the heat exchanger but not on the turbulators,

which presumably were at the same temperature as

the suspension. Significantly, deposition always

appeared greater in the entrance section of the

test exchanger where the temperature gradient was

greatest. Thus, the temperature gradient appears

to be a major driving force in deposition.

"The fact that only limited improvement in the heat-

transport characteristics was obtained in the tests

with micronized graphite (compared to the several

orders of magnitude improvement reported by others

using larger size) probably resulted from the thin

film that adhered to the walls, adding to the gov-

erning resistance of the thermal boundary layer and

tending to offset the effect of increased heat

capacity of the suspension."
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From Reference 12:

"The experiments revealed the.positive effect of a

reduction in the size of graphite particles on the

heat transfer in a gaseous suspension in the case

where graphite dust is not deposited on the channel

walls."

From Reference 13:

"Reynolds numbers of about 105 had to be maintained

in order to keep the graphite in suspension, parti-

cularly at high heat fluxes, and there was always an

upper limit to the heat flux (for a given flow)

beyond which the graphite dropped out, primarily

in the heat exchanger. The drop-out was not a

gradual phenomenon. It occurred only when the

limit had been exceeded and then took place very

suddenly. This experience is consistent with the

"cold wall" theory mentioned above (reference to

a thermal precipitation effect) when one observes

that the heat flux corresponds to the gas film

temperature drop at the cold wall. The limiting

heat fluxes, however, were all so high, compared

to what could be achieved with the pure gas at

reasonable pumping requirements, that the problem

was considered to occur under conditions beyond

anything applicable to good power reactor design,

and so was not discussed in the reports. A con-

siderable amount of additional development work
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is required to determine the conditions under

which these gas suspensions can be made to cir-

culate stably for long periods of time, particu-

larly with respect to the slow accumulation of

solids on the cooler heat transfer surfaces."

From Reference 14:

"It was known that very small particles would have

a tendency to plate out on the walls of the vessel.

Circulation experiments were performed which showed

that addition of a small quantity of very large par-

ticles (on the order of 100 to 200 micron diameter)

would effectively eliminate wall deposition of the

sub-micron material. The flow through the straight

sections of a glass loop in comparison to flow around

180* bends indicated how smoke particles accumulated

at the bend areas and, in fact, at all areas where a

pressure drop occurred. Also observed were the boundary

layer effects that contributed to the wall deposition

of the finer particles. Smoke of several materials

with a broad size range were used in the circulation

experiments. In all cases, particles smaller than

one micron were deposited on the glass walls and

would not circulate.

"Several methods were investigated to help keep the

smoke particles off the tubular loop walls. Heat and

low frequency vibration had no apparent effect on

smoke dispersion. A 125 watt, 38 kilocycle ultrasonic

generator and a water-filled stainless steel container
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with a barium titanate transducer were used to aid

circulation. Areas of particle buildup were surrounded

by the water bath that was cavitated by the transducer.

The effect on all but one tube design was to clean all

the walls efficiently before flow occured within the

loop. As soon as smoke was picked up in the gas stream

within the loop, the smoke accumulated faster than

ultrasonics could clean the walls. Smoke then accumu--

lated on the inside bends as before, and also over

the inside of the glass tubing as the circulation rate

was increased.

"Preliminary experiments indicated that sub-micron

particles are trapped in the boundary layer of

the circulating gas rather than kept in suspension

by the convection currents. Initially, a tubular

system was used in which the suspended particles

were circulated through a closed loop by a centri-

fugal blower. The experiments were done with the

gas flowing through a 180*, 2 in. radius-of-

curvature tube. This tube was the maximum that

could be used in the 6 in. beam port of the reactor.

It was found that the smoke fractionated according

to size with the smaller particles depositing on

the glass surfaces around pressure drop regions.

The physical deposition was not reduced when the

particle size, tube size, and/or blower speed were

varied and it was only partially reduced by ultra-

sonic agitation of the loop."



Friedlanderl5 made the following observations:

"Re-entrainment of the 0.8 micron particles in the

0.54 cm tube began at a Reynolds number of about

20,000; for the 1.57 micron iron particles in the

1.3 cm tube at a Reynolds number of about 12,500.

In general, the larger particles were more easily

removed by the gas stream than the smaller ones.

After passing the aerosol stream at a high velocity

for a long time, the deposit consisted mostly of

smaller particles. Brownian diffusion was made

negligible by using particles larger than 0.5 micron

and high stream velocities. The agreement between

the results obtained with glass and brass tubes

indicates that electrostatic effects were of little

significance ."

The use of commercially available "thermal precipitators"

described in Reference 16 is a common example of gas-solids instability.

In these, flow of a suspension past a heated wire results in particle

collection on a relatively cold adjacent wall. Further evidence of the

need for an investigation of suspension stability is the body of theory

exemplified by References 17, 18, 19, 20, 21, and 22 in which the force

on a particle in a thermal gradient is analyzed and measured.

The general problem, typified in these examples, of maintaining

a stable gas-solids suspension primarily in a heat exchanger and generally

in all flow configurations, was the basis for undertaking the work

herein reported.
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CHAPTER II

SUSPENSION MATERIALS

A. Basis for Selection of Materials.

The program required an initial survey of materials which are

either available or potentially available, are desirable for eventual use

as a nuclear coolant or would be useful as a research tool. Two surveys

were made which are summarized below and presented in detail in

Appendices A and B.

B. The Effect of Material Choice on Primary Loop Radioactivity.

A factor in the choice of heavy elements for gas suspensions

is the shielding required at the primary loop due to radioactivity in-

duced by the particles while in passage through the high neutron flux of

the core region. A survey calculation is presented in Appendix A to

determine those solid elements most suitable from the standpoint of

minimizing loop radiation shielding requirements. Table II.1 below

summarizes the results by listing the elements considered in the order

of increasing equilibrium activity at the core exit. In the table the

activities of the isotopes Co-60, Nb-93m and Zr-93 were calculated for

an operating time of two years. Initial concentration of each element

was taken at 0.01 grams per cm3 and transit times were 0.1 second and

10.0 seconds for the core and primary loop respectively. Sodium was

included for reference purposes.
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Table II.1*

SUMMARY OF DOSE RATES

The dose rate, D, is for a distance of one foot
from one cm3 of the suspension at the core exit

Element D, mr/hr-cm3

Carbon 0.0
Oxygen 7.5 x 10-6
Silicon 2.6 x 10-5
Iron 1.6 x 10-2
Calcium 2.9 x 10-2
Magnesium 5.2 x 10-2
Zirconium 0.16
Aluminum 3.1
Sodium vapor 21
Manganese 93
Cobalt 130

*Condensed from Table A-VII

It is seen in this table that carbon, oxygen, and silicon

present essentially zero gamma radiation hazard. Iron, calcium, mag-

nesium, zirconium result in a small gamma dose rate. Aluminum, sodium

manganese and cobalt lead to increasingly greater dose rates. Carbon,

because of its high temperature stability as well as its lack of radio-

activity, is a highly favored choice for the gas-solids suspension concept.

C. Particle Availability.

A survey of the availability of particles for experimental

purposes is presented in Appendix B. As a result of the survey the

particles listed in Table 11.2 were acquired for initial project use.
They are listed in order of increasing average particle size.
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Table II.2

SUMMARY OF PARTICLE INVENTORY

Material

Carbon

Carbon

Carbon

Carbon

u .phite

Carbonyl Iron,
Nitr ided-Fe 4N

Carbonyl Iron

Carbonyl Iron,
Nitrided-Fe

4N

Glass

Sponge Iron

Glass

Aluminum

Sponge Iron

Shape

Flake

Flake

Sphere

Sphere

Flake

Sphere

Sphere

Sphere

Sphere

Random

Sphere

Flake

Random

Ave rage
Size

Microns

0.01

0.02

0.08

0.18

2

5

8

10

29

40

50

50

60

Specific
Gravity

1.6

1.6

1.6

1.6

1.7

7.3

7.8

7.3

2.5

7.8

2.5

2.7

7.8

Settled
Density

lb/cu. ft

6

11

18

31

7

187

187

187

90

120

90

14

120

Supplier
and

Trade Name

Cabot : Carbolac 1

Cabot : Monarch 81

Cabot : Sterling R

Cabot : Sterling FT

Dixon : To order

Antara2: Iron Powder W

Antara

Antara

Iron Powder E

Iron Powder J

No

1

2

3

4

5

6

7

8

9

10

11

12

13

*Numerals refer to sources of supply listed in Appendix B.
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The particles listed in Table 11.2 include a considerable

range of size, shape, density and material. Some of the larger

particles were selected for the purpose of serving as additives in

mixtures of one or more solids.

The graphite, listed in the table as material No. 5 and re-

ferred to throughout the report, was available from work described in

Reference 1. This material had been reduced from National Carbon

Company Grade No. 48 (AGOT) graphite bars by the Joseph Dixon Crucible

Company. The particle size frequency distribution curve and an electron

photomicrograph are reproduced in Figure II.1 from Reference 1. The,

arithmetic mean of particle size was measured as 2P . The average

thickness had been estimated to be about 70 m . Thus, a typical

graphite flake has a length to thickness ratio of approximately 30 --

about like a thin dime or a poker chip--with a generally irregular

perimeter.

D. Selection of Gas

Numerous studies of gases as reactor coolants have been made

and are noted in Reference 23 and 24.

Reference 12 states:

"Excluding fluids which have strong chemical activity

and most of the poly-atomic combinations which are

unstable under radiation, choice is limited to carbon

dioxide, deuterim (heavy hydrogen), gas and steam

mixtures, helium, hydrogen, nitrogen (molecular), solids

suspension in gas, air, and water vapor. Rare gases,

argon, krypton, and xenon become gamma-radiation emmiters

under radiation, and hence are not suitable for closed

cycle operation."
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A separate study of gas selection for a gas-graphite suspension

was reported in Reference 25. This concludes: "Of the carrier gases

studied, helium presents the fewests problems with respect to reactions

with graphite and metals. Nitrogen and carbon dioxide, in that order,

are ranked below helium in desirability."

References 6, 7, 8, and 13 indicated that increasing the

Reynolds number of suspension flow tended to alleviate the problem of

suspension deposition. From the standpoint, therefore, of obtaining a

maximum Renolds number range for a given test loop flow rate capacity,

carbon dioxide, having a favorable kinematic viscosity, was selected as

the initial test gas. Helium and nitrogen were incorporated in test

planning to provide for inclusion of the effect of gas properties in

stability correlation expressions.
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CHAPTER III

PRELIMINARY TEST LOOP

A simple, transparent, loop shown in Figure 1 was constructed

early in the program. Figure 1 shows the 1 inch diameter Pyrex loop

through which graphite was circulated by means of a Black & Decker

two-stage centrifugal blower shown in Figure 2. Operation of this loop

demonstrated some of the problems of circulating a suspension. For

example, graphite deposits occurred at each of the discontinuities of

the glass joints used at the four arms of the loop shown in Figure 1.

Graphite also deposited along the inner radius of each of the four elbows.

Figure 3 is a detail of deposits at and adjacent to the glass joint in

the vertical left hand arm of the loop as shown in Figure 1. The density

is in contrast to the herringbone pattern evident on the remainder of the

glass wall. The latter was characteristic of a blower speed of 4100 rpm

and would accumulate only during a narrow speed range. At velocities

occurring at higher speeds the deposit would be reentrained. At lower

velocities it would remain on the wall. Figure 4 is a view of the lower

left hand radius taken after Figure 3. The velocity dependence of the

herringbone pattern is evident downstream of the bend.

In all of these preliminary runs the density of the suspension

gradually decreased until no graphite was apparent. In each case the

graphite was to be found loosely deposited on surfaces adjacent to stagnant

regions in the blower housing. Figure 5 is a general view of the major

blower components disassembled after a test period while Figures 6 and

7 show details of graphite accumulation in the exit housing and on surfaces

facing the impellers. In all cases the gas was a commercial grade of dry

nitrogen at 1 atmosphere of pressure carrying graphite particles. The

temperature of the suspension usually reached 250F from power transmitted

to the suspension by the blower.
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In several tests an entirely different mode of solids deposition

was observed. With a very light suspension flowing at 250*F a small block

of solid carbon dioxide ice was pressed against the outside surface of a

clean vertical section of the glass tube. An accumulation of graphite at

the cold inner surface appeared within a minute. This deposit remained

after removal of the carbon dioxide. When the suspension density was

increased with graphite from the blower housing the deposited spot was

slowly eroded away and was reentrained into the suspension. A moving pic-

ture was taken of this in the belief that it might be a clear example of a

thermally induced deposit. It is possible, however, that the deposit was

due to the surface tension of condensed moisture on the inside of the tube.

In subsequent tests with the blower in operation, the loop was

flushed for several hours with helium, nitrogen or carbon dioxide which

was passed through appropriate cold traps of liquid nitrogen or carbon

dioxide ice and then heated in a tube furnace to 250* - 350*F prior to

entering the loop. Flexible resistance heating elements and insulation

were applied to the blower to maintain a blower surface temperature of

250*F. A dew point detector consisting of a small patch of mirrored

internal surface was installed in a section of the loop. The application

of carbon dioxide ice on the surface of the tube behind the mirror always

resulted in clouding the mirror. It was concluded that there was a sig-

nificant probability that hydrocarbon vapors were entering the system

from the sealed grease packed front bearing of the blower.

Graphite and several forms of carbon black were vacuum baked at

1400*F and 700 microns of mercury and backfilled with dried gas. These

were circulated in the purged and heated loop. In all cases -plateout
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could be obtained with carbon dioxide ice on the external surface of the

mirrored surface. The front bearing life was limited by solids contam-

ination in some of these tests to a period of 15 minutes. Rather than

pursue these experiments further, project efforts were applied to the

installation of a second test loop appropriate for the purpose. This

work is described in Chapter IV.
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JOINT DETAIL
SHOWN IN FIG.3.

BEND DETAIL
SHOWN IN FIG. 4.

FIG. I PHOTOGRAPH OF PRELIMINARY PYREX GLASS LOOP
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FIG. 3. DETAIL OF GRAPHITE DEPOSIT AT A JO/NT
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FG.4. DETAIL OF GRAPHITE DEPOSIT AT A BEND
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FIG. 6. VIEW OF GRAPHITE DEPOSITS IN BLOWER HOUSING



FIG.7 GRAPHITE DEPOSITS ON SECOND STAGE IMPELLER CASING



CHAPTER IV

EXPERIMENTAL EQUIPMENT

A. Loop Arrangement

The test loop shown in Figure IV.1 was constructed to provide

a means of circulating a pressurized gas-solids suspension at a tempera-

ture of 600*F. A closed loop in combination with a hydrodynamic circula-

tor was selected in order to simulate the practical requirements of

recirculation in a useful reactor system.

The heat exchanger, shown in more detail in Figure IV.2 was

designed to provide a section of the loop having a thermal gradient; it

was placed in a vertical position with flow direction downward to provide

a means of studying the effect of a thermal gradient on flow stability

and, as much as possible, independently of gravity.

It was expected that thermal deposition in the heat exchanger

would exhibit the effect of a radiometer force in which the thermal force

on a particle is inversely proportional to absolute temperature level

and density and is directly proportional to thermal gradient and particle

size.17 ' 1 5' 1 9 ' 2 0 ' 2 1 ' 2 2  Maximum thermal gradient was expected at the

inlet section of the heat exchanger'10 with consequent maximum thermal

deposition at the entrance region. Tests were to be run by successively

varying parameters to determine the conditions in which the solids in the

suspension would flow through thermal gradients in the boundary layer

without depositing on the wall where the gradients would be varied from

zero to about 100,000 degrees/inch. The lower limit of suspension velo-

city at which gravitational settling occurs can be studied in the lower,

horizontal section of the loop preceding the inlet to the circulator.

Deposition due to turbulence alone26'27 can be studied at zero temperature

gradient in the heat exchanger.
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B. Description of Circulator

A cross-section through the circulator which was designed and

built at The Franklin Institute is shown in Figure IV.3. Using standard

ball bearings, it has operated at a shaft speed of 13,200 r.p.m. with

gas-graphite suspensions at 6500F and 100 psig.

Pressure in the circulator and loop is maintained by flowing

buffer gas in a separate closed circuit through the fixed bushing

labyrinth seal adjacent to the rotor. Clearance at the labyrinth seal

is 0.0007 inches over the diameter of the shaft. The seal and bearing

housing diameters were line bored. Radial runout due to internal bearing

clearance was minimized by the preload wave spring shown at the inboard

bearing. Narrow lands on the soft monel labyrinth are designed to de-

form if radial shaft motion exceeds the available clearance.

The rotor shaft is mounted on grease-lubricated deep groove

precision ball bearings. Inner races of the two bearings are provided

with a heat sink in the form of a carbon dioxide gas cooled shaft while

the temperature of the outer race of the inboard bearing is controlled

by water cooling coils.

Figure IV.4 is a photograph of the open faced impeller and the

housing scroll in which the rotor operates. Referring to Figures IV.3 and IV.4,

flow area from the point of the impeller nose cone to the leading edge

of the impeller blades is constant. The inlet angle of the blading was

designed to minimize entrance shock losses and consequent particle

attrition rate.

A temperature study of the shaft, Figure IV.5 was made by means

of an electrically conducting paper (Teledeltos paper) analog. This

consisted of sheets of electrically conductive paper, one layer thick to

simulate the thermal conductivity of the metal closest to the axis, and

then two and three layers thick to represent the regions successively

- 25 -



farther from the axis. Electrical resistors, corresponding to the film

coefficient of the coolant, were connected to representative points on

the conductive paper, by means of a network of resistors in series, to

a voltage corresponding to the inlet temperature of the gas. The re-

sistors in the series network were empirically chosen so that the voltage

at each junction corresponded to the gas stream temperature required for

a heat balance. Heat flow along the shaft to the region under study was

simulated by applying a suitable voltage to the conductive paper. The

equipotential lines, as measured on the paper by means of a probe with

the aid of a null detector, corresponded to the isothermal lines of the

temperature distribution as shown in Figure IV.5. This study indicated

that when the suspension is at 600 F and the carbon dioxide coolant is

at 0*F, the shaft will be at a temperature of 180 F where the inner race

of the bearing adjacent to the rotor is mounted. At the location of the

other bearing inner race the shaft temperature will be 10 F. A similar

study, shown in Figure IV.6, shows the operating temperature of the outer

race bore of the inboard bearing to be 180*F. These temperatures are

reasonable for grease lubrication. In operation, bearing temperatures

were easily controlled.

The inboard bearing shown in Figure IV.2 is a Barden Company

Bearing No. 206FFT5G-6 and has a contact seal on each side composed of

lubricant-impregnated fiber laminated to a thin aluminum disk. The

bearing seal functions to minimize loss of buffer gas maintained at a

small positive pressure in the buffer region in order to reduce leakage

of atmospheric contaminants into the loop. Esso Andok C, a stiff mineral

oil sodium soap grease, was selected to minimize lubricant loss at

operating temperatures.

The outboard bearing is a Barden Company Bearing No. 207SST5G-19,

a double shielded bearing taking the shaft thrust load and using a softer

grease, Texaco Regal Starfak Special. Both bearings have an initial

internal clearance of from .0007 to .0012 inches. Both bearings are
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stock items, with tolerances held to ABEC Specification 7 or better -

unique for sealed and shielded ball bearing assemblies of the sizes and

speed capacity required.

The circulator components are constructed of Armco 17-4 PH

stainless steel except for monel labyrinth bushings. Most of the parts

were rough machined as received, heat-treated to the 1050H condition and

then finish machined. No castings or forgings were required. The first

critical speed of the shaft, coupling, and rotor assembly was calculated

by Rayleigh's method28 to be 41,000 rpm, well above the operating speed.

Balancing of the shaft assembly was done by the International Research

and Development Company. Clearance on the face of the rotor was set at

0.010 to 0.015 inches depending on combined differential thermal expan-

sion and on pressure deflections.

The circulator is driven from 1600 to 13,200 rpm by a 15

horsepower variable speed induction motor powered by a variable frequency

supply. This will enable circulation of suspension densities of 5 pounds

per cubic foot or more depending on loop flow rate.

A rear view of the rotor is shown in Figure IV.7. The radial ribs

on the rear of the rotor were installed for the purpose of minimizing

graphite accumulation on the stationary housing surface adjacent to the

rotor. The buffer gas inlet port is shown in this photograph at the large

annulus in the labyrinth seal. Also shown is the monel insert in which

the labyrinth seal was machined. Figure IV.8 shows the rotor installed

in place with the nose cone attached. Figure IV.9 is an exploded view

of the major components of a circulator assembly. Figure IV.10 is

included to illustrate the exit flow region from the scroll. Also shown

is a brazed insert design which greatly simplified the sealing problem.

The brazing alloy was Handy and Harman Permabraze 130-82% gold - having

a tensile strength of 20,000 psi at 1600 F. The sealing surface indi-

cated in the figure matched the asbestos gasket shown in Figure IV.7.
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The manufacturing detail for the housing is shown in Figure IV.ll.

The gasket was an assembly of asbestos and crimped and coiled stainless

steel supplied by the Johns-Manville Company. The circulator assembly

is shown in Figure IV.12. This photograph was taken at the first shop

assembly and prior to the installation of slip rings shown in the next

figure.

Figure IV.13 is a photograph of a finished slip ring assembly

and brush assembly. The most critical aspect of the circulator design

was control of the temperature of the inner race of the inboard ball

bearing. The operation of this bearing with relatively low temperature

grease in close proximity to 600 F buffer gas required that a temperature

monitoring means be included in the design. The slip rings shown are

electroplated silver; the brushes at the right are composed of 90% silver

and 10% graphite powder. Although not so critical, the rear bearing shown to

to the right of the figure was also monitored with a slip ring assembly.

Also shown in Figure IV.13 are the inlet and outlet CO2 cooling ports.

In Figure IV.12 the copper coils required for temperature control of the

outer race are shown. With the use of both inner and outer race temperature

controls, not only could the grease temperature be held to a tolerable

level but the minimum bearing radial clearance could also be controlled

to avoid seizure due to adverse differential expansion. In practice, the

outer bearing temperature was held equal to or greater within 50 F than

the inner race bearing temperature.

Figure IV.14 shows the brush assembly in place. A speed of

13,200 rpm raised the question of available life in the brush assembly;

the assembly was made with a pivoted design to enable the brushes to be

removed during runs when all conditions were constant or when relatively

low temperature runs were being made. In practice, the brushes remained

on the slip rings continuously during 600-700 temperature runs.

Adjustment of the carbon dioxide coolant is shown in Figure IV.15.

Since the carbon dioxide supply was in the form of a high pressure tank
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at room temperature, it was necessary to run the shaft coolant line

through a tube furnace to raise the temperature of the gas such that

frost would not form inside the tube and stop the flow of coolant.

Also indicated in Figure IV.15 is the bearing inner seal coolant gas

inlet and outlet ports. As seen in Figure IV.2 the grease seal on the

inboard side of the bearing is subjected to a relatively static gas

and could easily increase to a damaging temperature. A thermocouple

was placed in this region and a small supply of coolant gas was allowed

to flush out the hot gases to atmosphere as they accumulated adjacent

to the seal surface.

A critical aspect of the design was the flexible coupling

shown in Figure IV.14. This coupling, obtained from the Lovejoy Flexible

Coupling Company, consists of counter-wound stainless steel springs.

The light weight of this coupling was necessary to maintain the critical

speed of the shaft high and maintain shaft deflections small at the

shaft coolant labyrinth seals.

It should be noted, in Figure IV.1, that the heating power

leads connected to the loop on either side of the heat exchanger pro-

vided heat throughout all of the loop including the centrifugal cir-

culator except the heat exchanger length. This method of heating was

used to insure the absence of adverse thermal gradients in the loop.

Additional heaters shown in Figure IV.2 were used to insure absence of

thermal gradients on either side of the circulator. These heaters were

also convenient in decreasing the warmup time required to bring the

relatively heavy mass of the circulator up to suspension temperatures.

The circulator was powered by a variable frequency generator shown in

Figure IV. 16. This was a U. S. Electric Motor procurement and provides

stepless speed variations in two ranges of from 1600 to 6600 and from

2640 to 13,200 rpm.
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An integral part of the circulator design was the buffer gas

supply system. The buffer gas pressure supply, a Corken's Inc. Model

190 gas compressor, shown in Figure IV. 17, is a two-stage unit powered

by a 3 h.p. motor mounted to provide a variable speed drive to the

compressor. Maximum displacement of the compressor is approximately

5 cu. ft. per minute; the continuous pressure rating is 250 psig. The

unit is characterized by graphite piston rings as well as Teflon piston

rod seals for dry gas operation. This was the best small, dry gas com-

pressor on the market and served the needs of the project quite well,

Figure IV. 18 is a photograph of the control panels for the

loop.

Figure IV. 19 illustrates the particle feeding device used to

insert graphite into the loop. The pressure rise across the circulator

was applied to assist gravity in driving particles into the lower hori-

zontal leg of the loop. At times, it was also necessary to rod the

graphite to assist its passage into the gas stream. Also shown in

Figure IV. 19 is the filter used in conjunction with the buffer gas

system.

In order to prevent solid particles from migrating out of

the loop into the buffer gas system behind the circulator at the

labyrinth seal, a small gas flow from the buffer gas inlet port was

allowed to enter the system. This also provided a means of filling the

system. In order to preserve a constant gas density this small flow

was allowed to escape from the system through the filter, noted in

Figure IV. 19 and back to the buffer gas system. In order to control

the contamination level of the suspension components both this volume

of loop gas and the remainder of the buffer gas flow were continuously

circulated through both a molecular drier and a Selas oil absorption

unit prior to returning to the buffer gas compressor. This method of

contamination control superseded methods to out-gas the solids prior

to admission. This was done on the basis that there was little advantage
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in cleaning particles to a greater degree of cleanliness than could be

continuously maintained by filtration.

B. Instrumentation

To date, no satisfactory process has been used for accurately

measuring mass flow in a recirculating gas suspension loop. In other work

two methods used to accomplish this have been to either measure separately

metered gas and solids flow prior to mixing in a "once through" system or

to use a recycling system in which the solids are temporarily separated

while being metered. These methods result in either a system having

nearly zero particle attrition or a system in which the particles are

subjected to severe attrition forces at separation. In a practical system,

however, useful for power generating purposes, attrition forces over an

extended operating period will determine the steady state particle size

distribution and consequent suspension flow characteristics. In such a

system particle size distribution would be characterized at steady state

by a large population of extremely fine particles.

The design concept used in this project emphasized the test of

potentially useful suspensions subjected to realistic attrition forces with

the best metering accuracy possible. An estimate of mass flow is made in

the following manner: A Venturi meter of standard ASME proportions was

manufactured and installed as noted in Figure IV.2. Flow versus circulator

speed was obtained on the basis of pure gas circulation. Mass is deter-

mined by a densitometer. One assumes that with small particles and a

consequent low slip rate, the volumetric flow rate will be independent

of solids loading up to very dense suspensions. The 3 dial gages and

the valves, shown in Figure IV.l1, were used to measure pressure drop at

the conventional points in the Venturi meter as well as pressure rise

across the circulator. Three ranges of differential pressure gages were

used: 0-2 psi, 0-10 psi, and 0-50 psi to provide for a large variation

of suspension density. In future work, a meter described in Reference 29

might prove useful.

The density meter shown in both Figure IV.l and IV.2 was of

special design and developed as a separate project by the Atomic Energy

Commission in cooperation with the Badger Meter Co. This meter, described

in Reference 30, utilizes two 50 curie Promethium 147 sources. The meter

alternately compares the attenuation of a photon beam through the
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suspension to a beam through a calibrated cam and positions the cam to

obtain a null signal. The density in the pipe is calibrated according

to the position of the cam by two means. The Badger Meter Company used

graphite wool blocks of known density. When the meter was installed

at The Franklin Institute, carbon dioxide gas, at a known pressure and

temperature, was used as an alternate reference source of absorption

cross section in the pipe. This meter utilizes a two inch diameter

pipe and the conical transition sections are apparent in Figures IV.i

and IV.2. A readout of the meter is indicated in Figure IV.2; the dual

dial provides for coarse and fine indication. The meter is sensitive

to a few psi of change in CO2 pressure.

The deposition detector indicated in Figure IV.2 consisted of

two insulated wires set flush with the inside of the heat exchanger.

The resistance across the bare ends of the wire was measured at several

million ohms with pure gas in the system. The indicator acts as a

switch with graphite deposition acting to close the terminals. The

switch was extremely sensitive and would indicate the smallest per-

ceptible surface layer of graphite. With a layer of graphite of about

0.010 inches in thickness the resistance was several hundred ohms. Its

sensitivity made this form of indication very valuable in establishing

the immediate onset of deposition without requiring a dependence on

temperature variations in the heat transfer apparatus.

Coolant flow to the heat exchanger was controlled by the two

meters shown in Figure IV.18. Water entered the jacket tangentially in

the lower hose as indicated in Figure IV.2 and left either at the center

of the jacket or at the top. The temperature of the coolant water was

monitored prior to entering the flow meters and immediately at the exits

of the two exit ports. The temperature of the suspension was measured

as noted in Figure IV.2 upstream of the heat exchanger and immediately

downstream of the exchanger. Temperature of the suspension before and

after the circulator was monitored as well as temperature of the loop
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in the top horizontal leg. All temperature readings were made with

encased chrome alumel thermocouples inserted directly in the stream.

The use of a Pyrex water jacket was advantageous from the

standpoint of air bubble detection on the outside of the stainless steel

tube. The cooling water was demineralized but not deaerated. The

collection of air bubbles on the exterior of the heat exchanger tube

was controlled by cleaning the steel tube at intervals throughout the

test period. System pressure was read selectively by manipulating the

toggle switches at upstream and downstream from the circulator and at

the two pressure points in the Venturi meter. The 55 KVA transformer

noted in Figure IV.18 supplied AC heating current to the stainless steel

loop. Provision was made for automatic temperature control of the loop.

However, it proved more practical to adjust the heating current to the

particular flow conditions required by means of manual adjustments of

the main heater control indicated in the figure.
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CHAPTER V

THERMAL DEPOSITION AND REMOVAL

A. Operation of Equipment

Upon completion of the circulator assembly, the loop was

assembled as shown in Figure IV.l. Preliminary running experience was

gained with a small series motor driving the circulator. The 15

horsepower motor shown in the figure was installed, followed by the

density meter. The equipment functioned well except for the filter

selected. Continuous operation is limited by the size of the filter

shown in Figure IV.19 and the filter flow rate. With insufficient

filter flow rate, graphite will migrate through the labyrinth seal

into the buffer gas system. A larger filter is necessary before the

loop can be used with abrasive particles or for extended periods of

continuous operation.

With the development of the deposition indicator described in

Chapter IV, it became experimentally possible to confirm or modify a

model described below of the operating conditions leading to either

plate-out or removal of solids at a cold wall.

As noted in Chapter IV the deposition indicator acts as a

sensitive switch which is closed in accordance with the amount of graphite

accumulating at the wall.

An example of such deposition at the cold wall of the heat

exchanger is shown in Figure V.1. The photograph is an end view of the

exit region of the loop heat exchanger noted in Figure IV.2. The

deposited graphite shown would not fall out. It could be brushed away

with strokes of a small camel's hair brush or blown off with a strong

jet of gas.

- 34 -



INNER WALL OF HEAT EXCHANGER

Fig. .Y. / - PHOTOGRAPH OF TYPICAL FORMATION OF PLATEOUT

- 35 -

I 

GRAPHITE 

DEPOSITION

x "

S

ST

46

r



Such an accumulation would register several hundred ohms

resistance. When cleaned, the resistance registered over a million ohms.

An approach to the prediction of plate out as exemplified in Figure V.1

is described in the following section.

B. Comparison of Shear and Thermal Forces

A model of the deposition phenomenon exemplified in Figure V.1

was formulated on the premise that particles will remain on a cold

surface if the force on the particle due to a thermal gradient exceeds

the shear force at the wall due to flow; particles are removed if the

shear force exceeds the thermal gradient force. This may be understood

on the basis of a simple model, in which friction, with a coefficient

of unity on a rough surface, tends to keep a particle from sliding.

Expressions for these two forces areas follows:

Assume that a solid particle in the laminar boundary layer near

the pipe wall is acted on by a thermal force and a shearing force with

weight taken as zero. When the shearing force exceeds the effect of the

thermal force, there will be no deposition on the wall.

The thermal force acting on a small solid particle of diameter

comparable to the mean free path of gas molecules has been derived by

Brock22

Kf

2 K + t a

F = -9TT a l sfKT
t pT 1+3C + +K 2C

m a 1+ 2 -+ 2C -
K t a

s
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Where

T = absolute temperature

a = radius of particle

L = mean free path

Kf = thermal conductivity of gas

Ks = thermal conductivity of particle

VT, = uniform temperature gradient in stream

2-a
C = ~ __

t 8 at

2 - a

C = m
m am

Cm = thermal accommodation coefficient

C = momentum accommodation coefficient
m

The temperature gradient VT, of the stream near the wall may

be expressed in terms of temperature difference between the gas at the

wall and in the flow. Therefore, the thermal force on a particle

becomes

K

2 K t a

F =9d -L 1 ta 0.377PrRe '(Tb - T) (1)t 2 p Tl C L Kf L w (1Sw +3 Cma 1+2 f +2C t
K t a

s

The shearing force of the particle can be estimated by con-
qsidering that the particle is part of the wall. The shearing force acting

on the particle is taken as the shearing stress on the wall times the

projected area of the particle. For turbulent flow, in a pipe, the

empirical relation of shearing stress at a wall is

0.0384 2

w (R)g m
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where
p Ud

Re = Reynolds number =
p

p

U
m

d

= density of gas

= mean velocity

= viscosity

= pipe diameter

The projected area of the particle is

A=rd2
4 p

where

d = diameter of particle
p

d2 Re/42
FS = 0.0302 - -2-

p d

Equation 1 and 2 are combined in Equation 3:

F
> 1 for suspension stability

Ft

Thermal forces and shearing forces on 1 micron

for four typical test conditions were calculated and the

listed below and are plotted in Figure V.2:

(3)

particles

values are

P
D5sig Re

73 32000

73 52500

73 33400

73 61000

F
s

0.g8 x 10-13

2.10 x 1013

0.95 x 10-13

2.71 x 10-13

Ft

1.04 x l0 l3

1.44 x l0-13

0.98 x 1013

1.51 x 10-13

Deposition

Yes

No

Yes

No
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CFS

1. .06

2. .10

3. .06

4. .11

T *F

350

350

330

330
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In the table the two sets of runs at 350*F and 330*F were

repeated several times. Deposition was indicated by an ohmmeter reading

of approximately 1000 while lack of deposition was indicated by a

reading of over 1,000,000 ohms, With the meter reading 1,000,000 about

one minute would elapse before enough accumulation would take place to

decrease the reading to 1000. By observing the dial indicator one could

as much as "see" the deposit form, erode, form again and accumulate

and finally form a dense bridge of material as the indicator swung

decisively to a low reading. After increasing speed at one time from

2200 to 2400 rpm the deposit was removed in about 30 seconds as indicated

by a decisive swing of the resistance indicator to the top of the scale.

The process of deposition and removal was repeatable and very definitely

showed a dependence on flow velocity.

Following the above, a run was made at a loop temperature

of 600*F but the meter was not responsive. The heat exchanger was removed

from the loop for examination. The insulation supporting the probe

wires had deteriorated at the higher temperature. Rather than repair

it and proceed to methodically map out a boundary defining deposition,

it was necessary to terminate the project pending further funds.

In view of the limited amount of recorded data it is premature

to propose the model sketched in Figure V.2 as more than a working

hypothesis for the prediction of suspension stability in a thermal

gradient. It appears to be a sound method for correlating a large

range of parameters on the basis of extant theory.
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C. Turbulence and Deposition Removal

Several mechanisms contribute to the gross rates of deposition

and removal. Removal was considered above from the standpoint that some

minimum shear stress must be applied to the deposited material in order to

remove it. If the flow is laminar, or if the intensity of turbulence is

low enough in the case of turbulent flow, only the average shear stress is

important. For sufficiently intense turbulence, removal may still occur,

even when the average shear stress is not sufficient to account for it.

An approximate theory is developed below, showing the importance of

sufficiently intense turbulence.

The minimum shear stress required for removal is taken to be

determined by the strength of the deposited layer. This, however, does

not take into account the impulsive forces whereby solid particles may

break off pieces of the deposited layer, producing an erosion that is

similar to sand blasting. Nor does it take account of the fact that

removal cannot occur even when the shear strength of the deposited layer

is exceeded, unless other forces tending to hold particles against the

wall are overcome. Thus, for example, if the coefficient of friction for

a loosened particle is approximately unity, the shear force must exceed

the normal force generated by the thermal gradient. If this is much larger

than the shear strength of the deposited layer, it will be the dominant

requirement. This explains the experimental observation shown above.

The gross rate of deposition from dilute suspensions under

isothermal conditions has been derived in Reference 15 by comparing the

thickness of the laminar sublayer of the boundary layer with the stopping

distance computed from Stokes' law of viscous drag for particles given a

component of velocity toward the wall by turbulent velocity fluctuations

occurring in the stream. The result may be described as the flux due to

turbulent acceleration.
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The effect of a thermal gradient in producing an additional

flux of suspended particles toward the wall may be estimated in order

of magnitude by assuming that the number density - suspended particles

per unit volume of the thermal boundary layer - is the same as the

average number density for the entire flow cross-section. Since a

known temperature difference occurs over a distance equal to the

boundary layer thickness, we may estimate the temperature gradient.

From this, we estimate the thermal force applied to a particle. Using

Stokes' law of viscous drag, we may determine the thermal drift velo-

city normal to the wall. The product of the thermal drift velocity and

the number density is the number flux toward the wall.

The effect of simple diffusion may also be estimated by

assuming that all particles that strike the wall remain stuck to it.

For particles suspended in gas which is at rest, effective

diffusion coefficient due to Brownian motion is 3 1 D = kt/6rpa. If we

consider the stream as consisting of a laminar sublayer, in which this

value of D applies, and a turbulent core, in which a much larger eddy

diffusion coefficient, De applies, the flux through a laminar sublayer

of thickness 6 may be found as follows: Let the number density be n6

at distance 6 from the wall, n at the wall, and n on the axis of the
wo

pipe. The flux is then D(n6 - n )/6. Since we assume that the wall is
w

a perfect sink for particles, n is, in effect, equal to zero. The flux
w

is therefore Dn6/&. Since D >> D, one may verify that n 6 is very

nearly equal to n0 . Since 6 is small compared to the pipe diameter,

no is equal to the average number density in the pipe cross section.

Therefore, the flux is

KT n0/6-ra6
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If at every point on the surface of a deposited layer the

shear stress is less than the shear strength of the layer, no material

will be removed. We may calculate the average shear stress over the

entire surface of a given length of pipe from the pressure gradient

and the pipe diameter, since for steady flow the total force due to

pressure, AA P, must equal the frictional drag force, a 1DL. Since
2 av

A = TD2/4, this leads to a = (D/4)(dP/dx).
av

In laminar flow, 0av will be the shear stress steadily applied

everywhere on the surface. However, in the case of turbulent flow, the

shear stress at any-given point will fluctuate, so that the peak value

of a will exceed a . Thus, even if a is less than the shear strength
av av

of the deposited layer, turbulent flow may produce values of a that

are sufficient to cause erosion. We may call this effect gas erosion,

to distinguish it from particle erosion caused by impact of suspended

solid particles.

To estimate the rate of gas erosion, we first consider the

rate of entrainment that would be produced by a steady shear stress,

a, in excess of the breaking shear, a0, of the deposited material.

For a pipe of length L and diameter D, the pressure drop is AP,

given by

--- AP = DLa
4

Suppose that w is the mass flux of deposited material into the

stream, so that 1DLw is the mass injected into the pipe per unit time.

Part of the pressure drop, A P will be due to the acceleration of the

injected material. If u0 is the free stream velocity,

A P = TDLw u
4 w o
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The remainder of the pressure drop, AP - w P, will exert a shear force
w

on the surface. This residual shear force, ar, must be equal to or

less than a because if it exceeded a , more material would be broken

away, and once a falls as low as 0 no more flux can be added to thero
stream since the remaining deposit remains intact. Thus,

TTD2
-- (OP - A P) = 1DL a for gross erosion
4 w o

T1DLa -rDLw u = TDL a ,
0 0

w = (a - a9)/u9

Since this formula does not involve the pipe dimensions, we

assume that it is perfectly general. If, now, a is not steady, w

represents an instantaneous value of the injected flux. We therefore

consider the effect of turbulence as causing fluctuations in velocity

in the vicinity of a given point on the pipe surface, and along with

these velocity fluctuations, fluctuations in a also. The mean value

of w is then

w = (a - ao)/u))av

To get some idea of w, we consider the boundary layer to be of constant

thickness and the fluid in it to have constant viscosity. We then have

/o= u/u

where

a = DAP/4L
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so that

QD dP u
4 dx u

- D dP 1 0

4 dx u - u/av

It is important to note that in computing the indicated average, only

positive contributions of the term in parentheses are included. Nega-

tive values are merely counted as zero, since they contribute nothing

to w. We may write the above relation as

-o a o
w -=- - -
Q( aQ uav

In computing the average, only values of u in excess of u = u G /5
m o o/-

are considered.

Let u' be the root mean square deviation of u from u . The

intensity of turbulence is then u'/u0. Suppose that u-u0 is given by a

Gaussion distribution:

(u-u )2
u-u) = exp-

0 u, TTex2u, 2
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We then have for w the relation

w

wa =0
0

-u
ao\

uaT

co
-u

-( = f (u-u) du
I u o

u
m

-

a
0

u
0

u-u + u
m m

- Ua o
a un

0 m

a
a
0

U
0

U
In

1
u-u

1+=
u

m

u-u

u
m

U
= ---

u-u 
) + --

where we have used the definition of u in order to cancel the first

two terms. As a first approximation we ignore the terms following the

first one retained. Then we have
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n
J 2 (u-um) f (u-u0 ) du

u u

U
2 12(u-u) f (u-u) du + (u-um) f (u-u) du

m u ur

u -u
m 0

x

U
0

U
m

u -u

-Inu

UT x e~x2

u -u 2
0 m ex

dx

u -u 2 u -u u -u
u m +o m erfc 

u= e \ p 2u ,22

a u-u 2 u-u u-u
w exp(- o + 2merfc m o

Um V 2 u, 2 2
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We are primarily interested in the case where u >> u > U'.

We then have, approximately,

u--x (-iu -u )2) 3
erfc M ue 2Uu 1 2 ,T 2'2u -u 2~ Iu -u9

This leads to

Qu -u 
30u30WoM. 2 u' _o =-u'

M.n2
um2 ou 

m-u 3

u m 2um

This shows the value of increasing the intensity of turbulence,

as for instance by the use of "turbulators," since w is proportional

to u'3 .
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The development of the equipment described in the report and

the inclusion of the thermal gradient force in a suspension stability cor-

relation has established the necessary ground work for studying the sta-

bility for a wide variety gas-solids suspensions. Preliminary tests

have showed that graphite deposition from carbon dioxide is velocity dependent

in a thermal gradient and may confirm the proposed correlation.

It is recommended that the test program be continued to com-

pletely define the effects of flow parameters on the stability of gas-

solids suspensions.

G. P. Wachtell, Manager James P. Waggener
Nuclear Systems Laboratory Project Engineer

Approved by:

Droulard
Technical Director
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The purpose of this Appendix is to develop information concerning

the suitability of various materials for use in the coolant stream as

constituents of the particulate matter; either deliberately or as a

contaminant. Suitability as regards coolant activation and the concomitant

need for radiation shielding of the coolant stream will be considered in

these investigations. The following limitations and assumptions apply:

1. The criterion is the unshielded dose rate at one

foot from one cubic centimeter of coolant.

2. Only gamma radiation will be considered.

3. Only the activity due to thermal neutron activa-

tion will be treated. (Fast neutron reactions

are not considered.)

4. For the gas suspension, the following elements will

be considered: carbon, oxygen, sodium, magnesium,

aluminum, silicon, calcium, magnanese, iron, cobalt,

and zirconium. These elements are present in their

normal isotopic concentrations.

5. The initial concentration of the element -being

investigated will be 102 gm/(cm3 coolant). The

dose rate for any other loading can thus be found

quite easily by linearly scaling from the results

for this concentration.

6. A simple series flow path comprised of the reactor

core (constant neutron flux) and the remainder of

the coolant loop (zero neutron flux) will be

considered.

7. The dose rate will be determined at the core exit.

Al



8. The dose rate calculations will be based upon

equilibrium conditions for the activities of

the radioactive isotopes except for Co-60,

Nb-93m and Zr-93, where an operating time of

two years will apply.

9. In order to provide a reference, the dose rate

under similar conditions for a sodium-cooled

reactor will also be considered. In both cases,

the thermal neutron flux will be taken as

0 = 5 x 1013 n-cm/cm 3 -sec.

10. The core transit time will be taken as 0.1 sec.

and the loop transit time as 10 sec.

A summary of the pertinent thermal neutron irradiation data for

all the stable isotopes of the elements listed in Item (4) above is

presented in Table I. From this list, it is possible to eliminate

immediately the following isotopes since their product isotope is also

stable: C-12, 0-16, Mg-24, Mg-25, Si-28, Si-29, Ca-42, Ca-43, Fe-56,

Fe-57, Zr-90 and Zr-91. In addition, the following radioactive product

isotopes do not emit any gamma radiations; neither during their decay

nor during the decay of any daughter isotopes that they may have: C-14,

0-14, Ca-41, Ca-45, Sc-49 and Fe-55.

The equilibrium activity (per unit volume) at the outlet from

the reactor for a radioactive isotope that is formed as a result of the

neutron irradiation of a stable isotope is

A = act 1 - e

1 + - - X T

A2



where

0 is the neutron flux

Eact is the average macroscopic activation cross
section for the formation of the isotope

o is the average microscopic absorption cross
section of the isotope

X is the decay constant of the isotope

T is the core transit time

T is the loop transit time.
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Table I

THERMAL NEUTRON IRRADIATION DATA

Stable
Element Isotope

Carbon C-12
C-13

Oxygen 0-16
0-17
0-18

Magnesium Mg-24
Mg-25
Mg-26

Sodium Na-23

Aluminum Al-27

Silicon Si-28
Si-29
Si-30

Calcium Ca-40
Ca-42
Ca-43
Ca-44
Ca-46
Ca-48

Manganese Mn-55

Iron Fe-54
Fe-56
Fe-57
Fe-58

Cobalt CO-59

Fractional
Abundance

0.9889
0.0111

0.99759
0.00037
0.00204

0.788
0.101
0.111

1.00

1.00

0.9217
0.0471
0.0312

0.969
0.0064
0.0014
0.021
0.000032

0.0018

1.000

0.059
0.916
0.022
0.0033

1.00

Product
Isotope

C-13
C-14

0-17
C-14
0-19

Mg-25
Mg-26
Mg-27

Na-24

Al-2B

Si-29
Si-30
Si-31

Ca-41
Ca-43
Ca-44
Ca-45
Ca-47
Ca-49

Mn-56

Fe-55
Fe-57
Fe-58
Fe-59

Co-60m
Co-60

X,sec

0
3.95x10- 1 1

0
3.95x10~1

.2.365x10-2

0
0

1.21x10-3

1.28x10-5

5.16x10-3

0
0

7.34x10-5

2.0x10- 13

0
0

5.01x10-8
1.705x10-6
1.326x10-3

7.46x10-5

7.57x10-9
0
0

1.785x10-7

1.11x10-3
4.1 1x10-9

lst Daughter -l 2nd Daughter
Isotope X,sec Isotope X,sec

0

N1 4

F1 9

Al2 7

Mg24

Si28

P-31

K-41

Sc-45
Sc-47
Sc-49

Fe-56

Mn-55

Co-59

Co-60
Ni-60

0
0

0

0

0

0

0

0
2.3 36x1cF6

2. 02x10-4

0

0

0

4. 14x10-9

0

Ti-47
Ti-49

Ni-60

0
0

0



Table I (Cont.)

THERMAL NEUTRON IRRADIATION DATA

Stable
Element Isotope

Zirconium Zr-90
Zr-91
Zr-92

Zr-94

Zr-96

Fractional Product
Abundance Isotope

0.515
0.112
0.171

0.174

0.028

Radioactive
Element Isotope

Cobalt Co-60m
Co-60

Zirconium Zr-93

Zr-91
Zr-92
Zr-93

X,sec

0
0

2.94x10-11

Zr-95 1.23x10-7

Zr-97 1.13x10- 5

Product
Isotope

Co-61
Co-61

Zr-94

X, sec

1.17x10 4

1,7xlO4

0

1st Daughter
Isotope

Nb-93m(4%)
Nb-93(96%)
Nb-95m(2%)
Nb-95(98%)
Nb-97m(96%)
Nb-97(4%)

1st Daughter
Isotope

Ni-61
Ni-61

-l
X ,sec

5.94l0-9
0

2.29x10-6
2.23x10-7
1.15x10-2
1.61x10-4

2nd Daughter
Isotope _,sec

Nb-93

Nb-95
2.23x10-7Mo-9 5

Nb-9
1.61x10- 61-97

0

0

0

0
0

*
From Refs. 1 and 2.



The calculation of the equilibrium activities of the radioisotopes

is simplified somewhat if the microscopic absorption cross section of

the isotope is such that c << X. The calculations are further simplified

if XT << 1. Under these conditions, Eq. 1 reduces to:

For a << X:

A = Eact- 1 - eT

For a << X and XT << 1:

A w0 t T/T (3)= act

When a radioisotope is formed as a result of the radioactive

decay of a parent nuclide, the equation for the equilibrium activity is

1 XXI+ -e A' 1 - e + -Q T e X e X~ (4
- 1+ XTT 1 +

1 - e

This equation can also be simplified under the first limiting condition

discussed above.

For << X:

A= e A' (5)

In these equations, A' is the equilibrium activity (per unit

volume) of the isotope's precursor, and e is the fraction of the disintegra-

tions that lead to the isotope in question.
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For the three cases where equilibrium conditions are not

reached (Co-60, N6-93m and Zr-93), the activity at the outlet from the

reactor after time t is given by

At = AOO - e(6)

For the case where the nuclide is formed through the neutron

irradiation of a radioactive isotope (Co-61 produced from Co-60 and

Co-60m), the equilibrium activity is approximately given by

( act A + act 1%K(7)Lk= ac+A (7)~o6OiCo-60 X Co-6 T

Table 1T )resents a tabulation of the parameters a#, X, and XT

(T = 10 sec.). This table also indicates the equation number that is

used to find the activity level for each isotope. The calculation of

the equilibrium activities of the isotopes that result from irradiation

of the stable isotopes is shown in Table III, while the radioisotopes

that are daughters of other isotopes are considered in Table IV. The

calculation of the activities of Co-60, Nb-93m and Zr-93 for a reactor

operating time of t = 2 years appears in Table V. This same table also

shows the calculation of the activity of Co-61.

The dose rate D can be calculated from the relation

D=D* A 108)
3.7 x 10

where D is the dose rate (in mr/hr) at one foot for a one curie activity

level, and A is the activity in disintegrations per second per cm3

calculated in the preceding tables. (Note: one curie = 3.7 x 1010

dis/sec.). The factor D can be obtained from Ref. 4 for approximately

half of the radioisotopes. For the others, the calculation of D is

shown in Table VI. Finally, the unshielded gamma dose rate at one foot

for each of the elements is determined in Table VII. For a sodium-cooled
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reactor operating under the same conditions, the gamma dose rate at one

foot from one cubic centimeter of liquid sodium would be approximately

1750 mr/hr.

From Table VII, it can be seen that carbon, oxygen and silicon

essentially present no gamma radiation hazard. Magnesium, calcium, iron

and zirconium result in a small gamma dose rate; while aluminum, sodium,

manganese and cobalt lead to increasingly greater dose rates. Even in

the worst case (cobalt), it should be noted that the dose rate is less

than one-tenth the dose rate from a sodium--cooled nuclear reactor (for

the assumed cobalt concentration density of 0.01 gm/cm3 of coolant). It

should be again noted that this analysis considers only the effects of

thermal neutron activation; a more refined analysis should include fast

neutron reactions as well.
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Table II

SELECT

Isotope (sec~1 )

0-19 2.365x10-2

Mg-27 1.21x10-3

Al-28 5. 13x]0-3

Si-31 7.34x10- 5

Ca-47 1.705x10 6

Ca-49 1.326x10-3

Sc-47 2.36x10- 6

Na-24 1.28x10-5

Mn-56 7.46x10-3

Fe-59 1.785x10- 7

Co-60m 1.11x10-3

Co-60 4.14x0- 9

Co-61 1.17x10- 4

Zr-93 2.94x10O'

Zr-95 1.23x10~ 7

Zr-97 1.13x10-5

Nb-95m 2.21x10 6

Nb-95 2.23x10~ 7

Nb-97m 1.15x10-2

Nb-97 1.61x10-'

Nb-93m 5.94x10-9

ION OF EQUATIONS TO

2 *
ao(cm )

Unreported;
Assumed Small

100x10 2 4

6x10-'

Unreported

5x10- 24

Unreported

CALCULATE ACTIVITIES

o0(sec- )

Small (-o)

2. 53x10~9

1. 51x10 1 0

Small (~o)

1. 26x10-1 0

Small (~--0)

XT

.2365

.0121

.0513

7. 34x10 4

1.705x10-5

.0133

2. 36x10-5

1. 28x10~ 4

7.46x10-4

1.785x10 6

.0111

4. 14x10"

1.17x10-3

2. 94x10-13

1.23x10 6

1, 13x10- 4

2.21x10-5

2.23x10 6

.115

1.61x10- 3

5.94x10~ 8

Equations
To Be Used

2

3

3

3

3

3

5

3

3

3

3

3 and 6

7

1 and 6

3

3

5

5

5

5

5 and 6

= absorption cross section at T = 20 C (v = 2200 m/sec);
from Ref. 1.

a = /293/273 + B a (" is operating temperature (*C);

From Ref. 3); 0 = 5 x 103..o = 2.53 x 10Q3
for 0 = 560C.

T = 10 sec.
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Table III

EQUILIBRILI ACTIVITIES FOR PRODUCTS
OF STABLE ISOTOPES

0-19
Mg-27

Na-24

Al-28

Si-31

Ca-47

Ca-49

Mn-56

Fe-59

Co-60m

Co-60t
Zr-93?

Zr-95

Zr-97

ac '

0.00021

0.05

0.56

0.21

0.11

0.25

1.10

13.4
0.9

18

19

0.2

0.1

0.1

*9

3.765x10

2.477x1022

2.62x1022

2.233x102 2

2.145x1022

1.503x1022

1.503x10 2 2

1.097x102 2

1.079x102 2

1.022x102 2

1.022x1022
.6604x10 2 2

.6604x102

.6604x102

E $i
act

4.08x103

3.48,10 7

3;705x10
9

11.87x10 8

18.65x106

3.04x10 4

7.55x10
6

3.72x10
10

8.1x106

4.65x1010

4.83x10 1 0

5.7x107

2.905x107

4.68x107

x
.2365

4.286x103 2.94x10 1 3

2.365x10 3

2.94x10
1 5

1-e 1 2.35m1 1-)

0.211 2.365x1013

1.0 1.0

A., dis/s-cm3

4.57x101

3.48C10
5

3.71x10
7

1.19x107

1.87x105

3.04x102

7.55x104

3.72x108

8.Lx04

4.65x10
8

9.4~8

1.33x104

2.91x105

4.68x10 5

= Nuclei per gram of element.

Eact = (.01 gm/cm3 ) 0 f aact'
f = Fractional Abundance (From Table I).

act2 = /93/273 +Sea = 0.506a for68 = 560 C
at 2act * act

0=5x101 3 n-cm/cm 3 - sec.

act $0= 2.53 c 1011 f act'

tee also Tables IV and V.



Table IV

EQUILIBRIUM ACTIVITIES FOR DAUGHTERS
OF RADIOACTIVE ISOTOPES

Isotope Parent A. die/sec-cm3 *

3.04

1.33

2.91

2.91

4.68

4.68

4.65

x 102

x 10

x 105

x 105

x 105

x 105

x 108

1.0

.04

.02

.98 + .02

.96
.04 + .96

1.0

A dis/sec-cm 3

3.04 x 102

5.32 x 102

5.82 x13

2.91 x 105

4.5 x 105

4.68 x 105

4,65 x 108

From Table I

All

Sc-47
Nb-93m

Nb-955m

Nb-9 5

Nb-97m

Nb-97

Co-60

Ca-47

Zr-93

Zr-95
Zr-95

Zr-97

Zr-97

Co-60m



Table V

ACTIVITIES OF Co-60, Co-61, Zr-93 AND Nb-93m

A: For Co-60. Zr-93 and Nb-93m

Isotope A or A , dis/sec-cm
3

Co-60 1.41x109

Zr-93 1.33x104

Nb-93m 1.07

X.sec 1

4.14x10. 9

2.94x10-14

5.94x10-9

T

1.5x10 12

1.26x10-12

(x )t*

.257

ax-5

.368

1-e KX+T A dis/s-cm3

.23

1-5

.31

3.24x108

1.07

.33

B. For Co-61

A = $ ;[cact A )6+ ac A - = .506
LCo-60 CO-60m .

= (.506) (5 x 1013) (ic 2 ) (6) (3.24kx109) +
(4.14 x 10 )

0 0

T (&ct A) (aact A)

Co-60 Co-60m

(100) (4.65 x 10 )1o24
(1.11 x 10-3 )

= 1.19 x 105

= 6.2 x 107 sec = 2 yr.

Activity is due to both Co-59 neutron capture and Co-60m decay.

Approximate calculation.



Table VI

CALCULATION OF D#

L tpe

0-19

Gamma Decay Schemet

E. e N(E), dis

0.197 .96

1.35 .64

0.11 .04

Mg-27 1.015

.843

.172

Al-28 1.78

Si-31 1.26

Ca-47 1.31

.82

.49

Sc-47 .16

Ca-49 4.68

4.05

3.10

Co-60m .059

1.333

Co-61 .071

Zr-93 -

Nb-93m .030

.30

.69

.01

1.0

7x10 4

.71

.05

.05

.7

.006

.10

.89

.997

.003

1.0

0

1.0

F(E). mr/hr/v/cm -sec

.36x10-3

2.43x10-3

.175x10-3

1.95x10-3

1.67x10-3

.305x10-3

3x10-3

2.3x10-3

2.37x10-3

1.62x10+3

.,00x10-3

2.82x10- 4

6.0x10 3

5.4x10-3

4.45x10-3

1.2x10-4

2.4x10 3

1.22x10 4

2.80x10-4

tFrom Refs. 1 and 2.
*
From Ref. 5.

t*_10 s(E)/dcs2
D 2. (Y(E) dis) JEF(mr/hr/Y(E)/cm 2-sec)j

4nr (lft) (30.48 cm/ft)J2 E

=.3.17 x 106 Z N(E) F(E).
E
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NF

.35x10-3

1.55x10-3

.007x10-3

B=1.91x10-3

:585x10-3

1.15x10-3

.003x10-3

D=1.74x10-3

3x10-3

1.61x10-6

1.6x10-3

.08x10-3

.05x10-3

1.81x10-3

1.97x10-4

.O4x1-3

.54x10-3

3.96x10-3

SF4. 54x10-3

1.20x10~4

- .07x10-4

=1.27x10- 4

1.22x10-4

2.80x10 
4

6.05x103

5.52x103

9.51x103

5.1

5.74x103

6.24!x102

1.14104

4.03x102

3.87x102

0

8.87x102



Element

Carbon

Oxygen

Magnesium

Sodium

Aluminum

Silicon

Calcium

Manganese

Iron

Cobalt

Isotope

C-14

0-14

0-19

Mg-27

Na-24

Al-28

Si-31

Ca-41

Ca-45

Ca-47

Sc-47

Ca-47

Sc-49

Mn-56

Fe-55

Fe-59

Co-60m

Co-60

Co-61

Table VII

GAMMA DOSE RATE FROM EACH ELEMENT

A dis/sec-cm D , mrrhr-C @ l1

0

0

45.7 6.05x103

3.48x105

3.7]x10

1.19x107

1.87x105

3.04x102

3. 04x102

7.5 5x104

3.72x108

8.1x10 4

4.65x108
3.24x108

1.19x105

5.52x10 3

2.08x10 4

9.51x103

5.1

0

0

5.74x103

6.24x10 2

1.44x104

0

9.2 6x103

0

7.07x03

4.03x10 2

1.44x104

3.87x10 2

ft. D. mrhr-cm 3 @ 1 ft
0

0

-6

Total: 7.5x10 6

5.2x10- 2

21

3.1

2.6x10-5

0

0

4.72x0-5

5.12x10-6

2.94x10 2

0

Total: 2.9x10-2

93

0

1. 55x10-2

Total: 1.6x10-2

5.07

1.26x10 2

1.24x10-3

Total: 130
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Table VII (Cont.)

GAMMA DOSE RATE FROM EACH ELEMENT

Element Isotope A ,dis/sec-cm 3 D , mr/hr-C @ 1 ft. D, mr/hr-cm3 @ 1 ft.

Zirconium

.33

2.91x10 5

5.82x103

2.91x10 5

4. 6a05x

4.5x105

4.68x1o5

0

8.87x102

4.56x103

1.3 6x103

4.82x103

6.0x102

4.56x103

4.31x103

0

7..9x10- 9

3.59x1Q 2

2.14x10~ 4

3. 79x10-3

7..6x10-3

5. 55x10-2

5 x10-2

0.16

Zr-93

Nb-93m

Zr-95

Nb-95m

Nb-95

Zr-97

Nb-97m

Nb-97

Total:
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APPENDIX B

PARTICLE SUPPLY SOURCES

Manufacturer

1. Cabot Corporation
Special Blacks Division
125 High Street
Boston 10, Massachusetts

36 types of flaky and spherical carbon particles ranging in size
from a few molecules of to about 2 microns. No information regarding
size distribution is available from this source.

2. Antara Chemicals Division of
General Aniline and Film Corp.
435 Hudson Street
New York 14, New York

Eleven grades of iron spheres formed from Fe (CO) 5 gas. Average
particle size range from 3 to 20 with range of hardness. The "alloy"
grades "J" and "W" are further treated in the presence of ammonia
gas to form Fe4 N, about 90% iron, 8% nitrogen and 1% oxygen and
carbon. This is the hardest spherical iron particle available. Size
distributions are published. An independent check on these is found
in Reference 32.

3. Minnesota Mining and Manufacturing Co.
"Scotchlite" Reflective Products Division
900 Bush Avenue
Saint Paul 6, Minnesota

Two size distributions are available below an average of 50 microns.
The "Narrow Size Distribution Class B", at a cost of $.60 per pound,
includes a minimum average diameter of 29 micron with 90% by weight
between 18 and 40 microns. The Special Class C at $48.00 per pound
can be obtained with an average size of 10 microns with 80% within
5 to 15 microns and 90% within 0-20 microns. Similar ranges are
available for average sizes of 20, 40 and 60 microns.

4a. Potters Brothers, Inc.
Carlstadt, New Jersey

4b. Charles A. Wagner Co., Inc.
4455 North 6th Street
Philadelphia 40, Pa.
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4c. Flexlite Mfg. Corp.
P. 0. Box 4366
St. Louis 23, Missouri

These firms also supply glass spheres.

5. Hoeganaes Sponge Iron Corp.
Riverton, New Jersey

Two size ranges of particles of interest, 75% and 87% less than 42
microns are available with iron content fran 96% and 98% plus
silicon and carbon. This is a porous material obtained by reducing
iron oxide at temperature below the melting point. The resultant
is pulverized into small particles.

This firm also supplies irregularly shaped stainless steel powders
in the 304 and 316 alloys in samples having a maximum particle size
of 44 microns.

6. Reynolds Metals Co.
Reynolds Metals Bldg.
Richmond 28, Virginia

Both flake and spherical aluminum particles are available in the
size range of about 2 to 504.

7. Vitro Laboratories, Division of Vitro Corp. of America
200 Pleasant Valley Way
West Orange, New Jersey

A source of submicron metallic particles ranging in average size
from 0.01 to 0.1. For example, tungsten oxide in the form of
spheres and octohedrens is available in the size range 0.002 to 0.35 ,
with an average particle size of O.09 .

General Purpose Sources

Sa. Charles Hardy, Inc.
420 Lexington Ave.
New York 17, New York

8b. A. D. Mackay, Inc.
198 Broadway
New York 38, New York

These firms will supply a wide variety of metal particles.
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9. The Glidden Co. Metals Division
101 Bridge Street
Johnstown, Pa.

Numerous ferous and non-ferous powers.

10. General Astrometals Corp.
320 Yonkers Ave.
Yonkers, New York

The sole source in the U. S. for electrolytically refined beryllium
in powder, flake and other forms. Also supplied is a high purity
grade of powdered graphite.

11. Valley Metallurgical Processing Co., Inc.
Essex, Connecticut

Particle size ranges from 3p up in copper, aluminum, magnesium, and
alloys of aluminum and magnesium.

12. Nuclear Materials and Equipment Corp.
Apollo, Pa.

Numerous coated poweders. This form was asked to quote on the pro-
duction of micron size pyroletic graphite spheres. They were unable
to do so on a fixed price basis but considered the production of
such particles to be feasible.

13. The Stanford Research Institute
Particle Bank
Menlo Park, California

An excellent source of small quantities of many well defined particle
samples.

14. Ionics Incorporated
152 Sixth Street
Cambridge 42, Mass.

A source of graded quantities of plastic spheres. These are colored
and sized in 10 micron gradations.
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APPENDIX C

ANNOTATED BIBLIOGRAPHY OF GAS-SOLIDS SUSPENSIONS

A. LIST OF SOURCES

Source Period Searched

Chem. Abstracts
Nuclear Science Abstracts
Chem. Centralblatt
NASA - reports
Nuclear Sci. & Engineering
Nuclear Engineering
Nuclear Fusion
Nuclear instruments and methods
Nuclear Physics
Nuclear Energy
Nuclear Power
Nucleonics
Nukleonik
Nuclear Energy
Atomkern Energie
At omniya Energia
Atompraxis
Atomwirtschaft
Energie Nucleaire
Energia Nucleare
Kolloid Zeitschrift
Kerntechnik
Kenenergie
J. Colloid Science
Canad. J. of Chem. Engineering
Ind. and Engng. Chem.
Akad. Nauk SSSR - Doklady
Akad. Nauk SSSR Izvestiya
Inzhiner. - Fiz. Zhur.
Nucl. Sci. & Techn.
Jour. of Chem. & Eng. Data
Intern. Chem. Engng.
Fluidization
Zh. Priklad. Khim.
Zh. tekh. Fiz.

1953 - to-dc
1953 - to-dc
1953 - to-dc
1961 - to-dc
1957 - t o-dh
1957 - to-dh
1960 - to-dh
1959 - to-dh
1962
1962
1956 - to-dc
1956 - to-dc
1961 - to-dh
1962
1958 - to-dh
1961 - to-dh
1961 - to-dh
1961 - to-dc
1958 - t o-dh
1961 - to-dc
1962 - to-dh
1960 - to-dh
1962
1955 - to-dc
1957 - to-dc
1957 - to-dc
1960 - 1962
1960 - 1962
1961 - 1962
1962
1960 - 1962
1962
1962
1960 - to-dc
1960 - to-dc

ate
ate
ate
ate
ate
ate
ate
ate

ate
ate
ate

ate
ate
ate
ate
ate
ate
ate
ate

ate
ate
ate

ate
ate
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B. BIBLIOGRAPHICAL NOTES

1. THE MOVEMENT OF PARTICLES (Chapter III, Pp. 41-56 in Clouds
and Smokes, Gibbs, W. E., P. Blakiston & Son, Philadelphia,
1924)

A particle suspended in a gas is under the influence of:
gravitation, centrifugal action, the electric field, and
Brownian motion. If the particle is large compared to the
length of the free path of the gas molecules, the effect
of molecular bombardment will be a uniform continuous press-
ure, exerted over the entire surface of the particle. Thus,
particles of lower specific gravity will be more stable in
suspension than those of higher specific gravity. Conversely,
a given particle will form a more stable suspension in a gas
of high viscosity (air) than a gas of low viscosity (hydrogen),
or in a rarefied gas (partial gas (partial vacuum).

2. GENERAL PROPERTIES OF AEROSOLS (Chapter IV, Pp. 57-86 in Clouds
and Smoke, by Gibbs, W. E., P. Blakiston & Son, Philadelphia,
1924)

If a solid particle is dispersed in a gas, both its volume
and surface area are enlarged, and its chemical activity is
greater. Such particles may adsorb positive or negative ions
from the gas medium. These adsorbed films are protective,
preventing coalescence and increasing the stability of the
system. On the other hand, if ions of opposite sign are ob-
served by different particles, flocculation is increased and
stability decreased. A thermal current in the system should
be avoided since it diminishes the stability. Flocculation
of particles is increased by exposing them to the influence of
an alternating electric field.
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3. THE STABILITY OF AEROSOLS (Chapt. V and VI, Pp. 87-97, 124-127,
in Clouds and Smoke by Gibbs, W. E., P. Blakiston & Son,
Philadelphia, 1924)

The stability of the system is upset by changing temperature,
pressure or composition of the two phases; films of adsorbed
gas or electric charges have the opposite effect. The stab-
ility is chiefly determined by the rate at which the particles
settle. Thus, spherical particles of unit density and a radius
of 4000 A. settle in air at normal temperature and pressure
at a rate of 0.003 cm per second. Brownian movement delays
the settlement. The fall may be retarded, or prevented alto-
gether, by vertical convection currents. If the degree of
dispersion is decreased, the stability increases since, as
the particles become larger, they become fewer and further
apart, and more sluggish in their movements; ultimately, they
reach a state of comparative equilibrium, after which further
flocculation is slow, or none at all. If a metal aerosol is
prepared by condensation of the vapor, the degree of dispersion
increases with increase in density and pressure of the gas;
thus, finer particles are obtained in nitrogen than in hydro-
gen, and at atmosphoric pressure than in a vacuum of, e.g.
30 mm. The movement of aerosol particles can be examined best
by use of an ultramicroscope.

4. THE COAGULATION OF SMOKES (Chapter V, Pp. 42-56 in Smoke, by
Whytlaw-Gray, R. and H. S. Patterson, London, Edward Arnold
& Co., 1932)

The more homogeneous a smoke is, the more slowly it co-
agulates. Properties of smoke particles, including coagulation,
depend on their composition; materials that are chemically
similar, have similar properties shape of particles does not
seem to have much influence on the rate of coagulation.

5. PHOTOPHORESIS (Chapter XII, Pp. 120-126 in Sioke by Whytlaw-Gray,
R. and H. S. Patterson, London, Edward Arnold & Co., 1932)

Particles of some materials travel away from the light
("light positive"), other towards the light. This is independent
of the gas pressure (down to 16 mg Hg) and not due to electric
charge. This effect is quite pronounced with graphite and lamp-
black (Light - positive). The average velocity is several cm
per second, but higher near the focus. Color seem to have an

C2



effect on photophoresis, since in addition to graphite,
dye-stuffs show this phenomenon markedly; crystallinity
does not seem to have any effect.

6. ELECTRIFICATION OF PARTICLES (Chapt. XIV, Pp. 146-166 in
Smoke, by Whyttlaw-Gray, R. and H. S. Patterson, London,
Edward Arnold & Co., 1932)

Electrification, ordinarily acquired by smoke, does not
influence coagulation. However, conditions are different
if particles of equal radii carry equal charges; they will
not coagulate if the potential due to charges is equal or
greater than the kinetic energy due to thermal agitation:

e2=} mv2 where e = charge on particle, r = radius and

2r

m = mass, 2= mean square velocity due to thermal agitation).
It was shown that the effect became noticeable, when the dis-
tance is less than 6 x the radius.

7. FURTHER PROBLEMS (Chap. XVI, Pp. 180-188 in Smoke, by Whytlaw-
Gray, R. and H. S. Patterson, London, Edward Arnold & Co.,
1932)

It is more difficult to stabilize than to coagulate a dis-
persion of solid particles. Absorption of a film of a liquid
or gas, to alter the particle surface, so that they do not
stick together after a collision, will increase stability.
It seems that hydrophilic particles could be protected by a
hydrophobic film, and vice versa, i.e. a lipophilic particle
by a lipophobic film. Unipolar charging of particles also
increases stability; practically, however, it is quite difficult
to obtain a truly unipolar charge of all particles.

8. METHODS FOR THE PREPARATION OF AEROSOLS. (Methoden zur Herstellung
von Aerosolen) (Pp. 158-159 in Physikalische Chemie der
Kolloide by Lipatov, S. M., Akademie-Verlag, Berlin, 1953)

An important factor in increasing the stability of suspended
particles, is formation of an electric charge on the particle
surface. This decreases their mobility; in many cases to only
a few thousandths of a mm per second.
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9. THE STABILITY OF AEROSOLS (Die Stabilitat der Aerosole), (Pp. 419-
422 in Kolloidchemisches Taschenbuch, 5th ed., by Kuhn, A.,
Akademische Verlagsgesellschaft, Leipzig (East Germany), 1960)

In dispersion of colloids of particle size below 1000 A.,
stability is increasing with increasing radius of particles,
and decreasing number of particles. When particle size is

increasing, stability depends less and less on the particle
radius; and in the neighborhood of 10,000 A. stability de-
pends only on the number of particles; e.g. the half life of
a system with 106 particles per ml is 3} minutes with a
particle radius of 10- 6 cm, and about 1 hour with a particle
radius of 10- 4 cm.

10. SURFACE TENSION- BROWNIAN MOVEMENTS (Pp. 158-178, Chapt. V, in
Applied Colloid Chemistry, by Bancroft, W. D., McGraw-Hill
Book Co., New York 1932)

Fbr heavier particles, the velocity due to force of gravity
completely overshadows that due to molecular shocks, while the
opposite is true in the case of very small particles. (This
is shown in a table, p. 176). The table shows that if
particle diameter is in the order of the wave length of light,
the two velocities do not differ appreciably. As we deal with
particles smaller than 1000 A., the velocity due to gravity
soon becomes negligible. If the particles approach the vis-
ibility limit of ultramicroscope (10A) the gravitational forces
are no longer discernible. These experiments were made both
on smoke particles and on silver particles.

11. CLOUDS AND SMOKES. (Chapt. II, Pp. 9-34 in Colloid Chemistry,
Thomas, A. W., McGraw-Hill Book Co., New York and London, 1934)

The most complete dispersion of a dry solid in a gas is
accomplished by instanteous release of a great amount of energy,
e.g. detonation. In other dispersion methods, the presence of
dust or smoke nuclei is essential. The stability of solid
particle dispersions (aerosols) is greatly influenced by the

number of charged particles and the relative proportions of
positively and negatively charged particles. If all the
particles are charged, and of the same sign, the mutual repulsion
results in a more stable dispersion. Particles may become charged
either by contact with gas ions originally present, or arising
through formation of the aerosol, or by action of an ionizing
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agent. When dust is blown in air, the particle charge
depends on the chemical composition. In general, the dust
of non-metals and acidic oxides is positive; of metals and
basic oxides negative. Fumes produced without rise in
temperature do not contain charged particles; but those
arising through flaming combustion do contain charged ones.
If the particle diameter is larger than the mean free path
of the gas molecule (about 1000 A.) its fall by gravity
will be counteracted by molecular impacts, according to
Stokes' law: F' = 6 7 1? rv, where F'is the frictional
resistance, )= viscosity, r = radius, v = velocity of
particle. If the particle is smaller than 1000 A., it will

slip between the gas molecules, subjected to irregular im-
pacts, rotate, and eventually fall along a zigzag path. When

aerosol particles contact a solid surface, they tend to adhere
to it and to each other; thus, agitation decreases the stability
of a dispersion. On the other hand, if the particles adsorb a
gas film, they become stabilized thereby. An aerosol contain-
ing neutral particles may be flocculated by introduction of a

charged aerosol, because the charged particles induce an
opposite charge on the neutral ones. A thermal gradient de-

creases the stability of a dispersion. If, e.g., a hot rod
is introduced, the suspended particles will be driven away,
if the rod is colder than the aerosol, the particles will
deposit on its surface. The presence of particles in an
atmosphere increases its capacity to absorb heat. Whereas
this is desirable in the case of heat-exchanges, it is also
the reason for dust explosions.

12. AEROSOLS: SMOKE AND FOG (Pp. 325-337, Chapt. XXIII in Colloid
Chemistry by Weiser, H. B., John Wiley & Sons, New York, 1939).

Solids may be disintegrated into dust particles by grinding,
decrepitation, and explosive action. In ordinary grinding,
particles are seldom smaller than 10,000 A. Aerosols are, as
a rule, less stable than other colloidal systems; however some
are quite stable, e.g. volcanic dusts and atmospheric haze.
This stability is due to 1) high degree of dispersion, 2) high
dilution, 3) air currents. Electrification of particles increases

stability, but is in most cases insufficient to keep them from
colliding. Dispersed particles in a gas migrate under the in-
fluence of light rays ("photophoresis"). Whether a particle
is attracted or repelled by light depends on its capacity to
absorb or transmit radiant energy.
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13. PRODUCTION OF PARTICULATE CLOUDS. (Pp. 8-58 in Particulate Clouds:
Dusts, Smokes and Mists by Green, H. L. and W. R. Lane, Van
Nostrand Co., Princeton, 1957)

Dispersions of metals are made by striking an electric arc
between the electrodes of this metal in a current of air.
Some metals, including A2, give oxides this way, whereas Ag,
Pt, An give the metal itself. This results usually in charged
particles of different size, but most of them too small to be
seen in a microscope.

Adhesion of particles to each other is increased by moisture.

Such interparticle adhesion can be greatly reduced by coating
the particles with a thin, hydrophobic layer; e.g. a film of
silicone polymer, a few microns thick, will prevent particles
to clump together.

14. SCE PHYSICAL CHARACTERISTICS (Pp. 59-95 in Particulate Clouds:
Dusts, Smokes and Mists by Green, H. L. and W. P. Lane, Van
Nostrand Co., Princeton, 1957)

Dispersion produced by re-dispersion of settled particles
are usually highly aggregated; unless particles are reduced by
peptization in a liquid medium and fine atomization.

If a particle starts to fall, it reaches a constant velocity
when the aerodynamic drag on it is equal to its weight.- When
the particle is of a size comparable to the mean free path of
the gas molecules, Brownian motion is superimposed on the
downward motion. If the particle is larger than the free path
of a gas molecules, the velocity of fall can be determined,

using Stokes' law: v =14 .gd2, where /O= density of particle,

187
= gravitational acceleration, d = diameter, and J= viscosity

of the gas. This equation makes no allowance to the forces of
inertia. If the inertia forces are not negligible (Reynolds
number = 0.05 or higher) the velocity is smaller than according
to this equation, in other words, the stability is greater.

15. COAGULATION (Pp. 126-166 in Particulate Clouds: Dusts, Smokes and
Mists, by Green, H. L., and W. R. Lane, Van Nostrand Co.,
Princeton, 1957)

Spontaneous coagulation is a characteristic of dispersed
solid particles. If n = the number of particles per ml at any
time "t"t, and no = particle number when dispersion is formed,
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n - no = Kt. Thus, if the reciprocal of the number of
particles present in a given volume is plotted against the
corresponding time, a straight line results; "K" is the
slope of the curve and is called the coagulation constant.
It depends on the nature of the dispersed solid.

A number of factors influence the coagulation: those
which affect probability of collision between particles, e.g.
size, size distribution, electric charge distribution, and
temperature and pressure of the gas; besides, shape and
structure of the particles, the effect of vapors absorbed
on the particles - which determine whether or not the particles
stick together on colliding. It was found that larger particles
coagulate more slowly than small ones. A polydisperse system
(a system with a wide range of particle sizes) coagulates faster
than a monodisperse system or one where particles are at least
approximately of the same size. Coagulation rate is proportional
to the absolute temperature and inverse proportional to the vis-
cosity of the gas; this means that temperature will not influence
it much, since the viscosity of gases increases with increasing
temperature. Coagulation rate goes up as the pressure decreases.
Whereas in arriving at coagulation rates it is assumed that

particles are spherical.
Experiments have shown that the shape of the particles has

no significant influence on coagulation. Absorbed vapors have
in many, but not all, cases a stabilizing effect on the dis-
persion; it was found, e.g. that with an ammonium chloride

disoersion,phenol vapor had a detectable stabilizing efficiency,

but alcohol vapors had no effect, within experimental error.

Agitating the air by means of a fan decreases stability, since
the particles are driven towards the walls of the vessel. Uni-
polar electrical charging increases stability; bipolar decreases
it, but to a lesser extent. Powerful sound waves, both of sonic
and ultrasonic frequency, decrease dispersion stability.

16. SMOKES AND FOGS (Pp. 269-274 in Modern Colloids by Dean, R. B.,
D. Van Nostrand Co., New York, 1948)

0
Particles in smokes are rarely smaller than 1000A. Aerosols

are destroyed if particles settle out on the walls of the con-

tainer. The rate of sedimentation in aerosols is from 50 to

100 times the rate in comparable aqueous systems. Particles of

2000 A. diameter will settle at a rate of about 1 cm per hour.

Very small particles can be kept aloft indefinitely by convection
currents. Whereas electrically charged particles, carrying the

same charge, will not collide, their stability may be less than

expected, since the repelling forces may drive the particles to

the walls of the container.
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17. ON AEROSOLS, ESPECIALLY THOSE OF IRON OXIDE (Uber Aerosole, in
Sonderheit die des Eisenoxyds). Jander, G. and A. Winkel,
Kolloid-Zeitsch., Vol. 63, No. 1, Pp. 5-12 (1933)

The sedimentation curve of a homogeneous aerosol (suspension
of solid particles in a gas, particles all of same size) = I
and of an inhomogeneous aerosol = II (different size) show that
the former is initially stable and then starts to deposite part-
icles by gravity at an almost constant rate. In the inhomogeneous,
the largest particles deposit immediately at a fast rate; then
the slope of the curve falls off. The sedimentation rate de-
creases with increasing pressure of the gas. Homogeneous
aerosols were prepared from iron pentacarbonyl, decomposed to
ferric oxide by oxygen. It was possible to give these particles
an all-positive or all-negative charge; stabilization of the
particles was, however, only temporary, since the charges had
a strong tendency to equalize. This electrical behavior was
examined only with iron oxide, but other authors reported
similar results with other aerosols.

18. THE DETERMINATION OF THE PARTICLE SIZE DISTRIBUTION OF AEROSOLS
BY PRECIPITATION OF CHARGED PARTICLES. Drozin, V. G. and La
Mer, V. K., J. Colloid Sci., Vol. 14, No. 1, Pp. 74-90 (1959)

Charged solid particles with a radius greater than 0.2 micron
settle in an electrostatic field with a velocity determined
by the mass of the particle, the charge, and the field. A graph
of settling time versus radius shows that the particles of r = 1.4
microns settle 9 times as fast as those of r = 0.2 micron.

19. FUNDAMENTAL ASPECTS OF SOLIDS-GAS FLOW. PART I: INTRODUCTORY
CONCEPTS AND IDEALIZED SPHERE MOTION IN VISCOUS REGIME. Torobin,
L. B. and W. H. Gauvin, Canad. J. of Chem. Engng., Vol. 37, No. 4,
Pp. 129-141, (Aug. 1959) 93 refs.

This article introduces a series of analytical and critical
literature surveys which deal first with the individual fundamental
momentum transfer phenomena associated with particulate motion
as affected by particle shape, roughness, acceleration, con-
centration and rotation, as well as the turbulence characteristics
and boundary conditions of the transporting fluid. This informa-
tion will then be used as a basis of discussion and interpretation
of the many investigations of multiparticle solids-gas conveying
systems and contacting techniques reported in the literature.

This first paper reviews briefly some pertinent basic con-



cepts of fluid mechanics, and then considers the
development of the fluid velocity field and drag for single
spherical particles moving rectilinearly at pre-wake-forming
Reynolds Numbers through an infinite and undisturbed fluid.

20. FUNDAMENTAL ASPECTS OF SOLIDS-GAS FLOW. PART II. THE SPHERE
WAKE IN STEADY lAMINAR FLUIDS. Torobin, L. B. and W. H
Gauvin, Canad. J. of Chem. Engng., Vol. 37, No. 5, Pp. 167-
176, (Oct. 1959) (91 refs.)

A review is made of the experimental evidence and theoretical
considerations evolving from studies of the wake formed by an
aerodynamically-smooth sphere moving in steady rectilinear
motion through a turbulence-free stream. The roles of complex
fluid dynamic phenomena which include boundary layer separation,
vorticity transfer and those characterized by the Strouhal
Number, as well as less evident fine scale processes are
presented, with reference being made to pertinent two-dimensional
cylinder studies.

21. FUNDAMENTAL ASPECTS OF SOLIDS-GAS FLOW. PART III. ACCELERATED MOTION
OF A PARTICLE IN A FLUID. Torobin, L. B. and W. H. Gauvin,
Canad. J. of Chem. Engng., Vol. 37, No. 6, Pp. 224-236, (Dec.
1959) (104 refs.)

An analysis of the extensive literature on non-steady drag
forces supports the correlation of the data by means of a total
drag coefficient, which appears to be a function of the Reynolds
Number and of a reduced time parameter which is related to the
number of particle diameters traversed since the initiation
of the motion. The added mass concept is shown to be both
completely inadequate and theoretically unsound. An increase
in wake turbulence resulting from Reynolds Number increases or
from the occurrence of surface roughness seems to diminish the
acceleration effects.

Fundamental studies of the flow fields around blunt bodies
reveal the extreme complexity of the phenomena occurring during

acceleration. Explanations offered for the characteristics of
the non-steady drag coefficient behavior are shown to be fre-
quently at variances with these findings.
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22. FUNDAMENTAL ASPECTS OF SOLIDS-GAS FLOW. PART IV: THE EFFECTS
OF PARTICLE ROTATION, ROUGHNESS AND SHAPE. Torobin, L. B.
and W. H. Gauvin, Canad. J. of Chem. Engng., Vol. 38, No. 5,
Pp. 142-153, (Oct. 1960) (116 refs.)

This paper examines the various complicating effects which
rotation, surface roughness and shape impose on the motion
and drag of single particles entrained in a fluid. In general,
rotation appears to have little effect on the drag coefficient
at low Reynolds Numbers, but influences the linearity of the
motion and may thus play a part in the mechanism of particle
entrainment in conveyed solids-gas systems. Negative lift
has been observed in the critical Reynolds Number region as
the result of asymmetry in the wake structure. Surface roughness
will cause an early transition to a turbulent boundary layer
at higher Re values, which will result in an appreciable de-
crease in drag coefficient, but it may increase the drag at
low Reynolds Numbers.

The effect of particle shape is more complex than has been
suggested by previously published analyses. The available
empirical correlations are discussed and compared, and indicate
a dependency on the particle-to-fluid density ratio.

23. FUNDAMENTAL ASPECTS OF SOLIDS-GAS FLOW. PART V: THE EFFECTS OF
FLUID TURBULENCE ON THE PARTICLE DRAG COEFFICIENT. Torobin,
L. B. and W. H. Gauvin, Canad. J. of Chem. Engng., Vol. 38, No.
6, Pp. 189-200, (Dec. 1960) (74 refs.)

This article presents an analysis of the experimental evidence
presently available on the effects of the free-stream turbulence
on particulate momentum transfer, obtained from both wind-tunnel
tests with stationary bodies and from single-particle systems
in which the solid is moving freely with the stream. Original
experimental measurements recently obtained with a radio-tracer
technique are also included. The drag coefficient appears to
depend primarily on the magnitude of the relative turbulence
intensity and on the particle Reynolds Number, while acceleration
has negligible effects. Increasing intensities cause a systematic
regression, of the transition region of the drag coefficient
curve towards lower Reynolds Numbers, together with a moderate
increase of the drag coefficients for both the subcritical and
supercritical Reynolds Numbers. The momentum transfer behavior
suggests the occurrence of a laminar-turbulent transition in
the attached boundary layer ad a critical value of the Reynolds
Number for a given relative intensity. Indirect evidence, in-
volving heat and mass transfer phenomena appears to support
this hypothesis.
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24. FUNDAMENTAL ASPECTS OF SOLIDS-GAS FLOW. PART VI: MULTIPARTICLE
BEHAVIOR IN TURBULENT FLUIDS. Torobin, L. B. and W. H. Gauvin,
Canad. J. Chem. Eng., Vol. 39, No. 3, Pp. 113-120, (1961)

At Reynolds numbers approaching unity the particles in a
solids-gas system acquire a turbulent motion in response to
the turbulence of the ambient fluid. This regime is of
particular importance and a discussion of recent theoretical
and experimental attempts to describe it is presented. The
reaction of the fluid phase to the presence of the particles
is equally important. The extent to which the mean and tur-
bulent properties of the fluid motion are affected by the
presence of the solids phase is governed by the particle

concentration and the fluid and solids Reynolds numbers. The
experimental evidence is as yet inconclusive owing to the
difficulty of obtaining reliable data. The theoretical attack
is similarly made difficult by the need to employ mixed Eulerian
and Lagrangian coordinates. A discussion of electrostatic
charging phenomena has also been included and it shows that
in some systems it exerts an over-riding influence on the
particle motion and momentum transfer.

25. HEAT TRANSFER TO FLOWING GAS-SOLIDS MIXTURES IN A CIRCULAR TUBE.
Farbar, L. and M. J. Morley, Ind. and Eng. Chem., Vol. 49, No. 7,
Pp. 1143-1150 (1957)

Any addition of solid particles to a gas flowing at a con-

stant rate appreciably increases the heat transfer rate; the
relationship is almost linear. Small particles contribute
more to the heat capacity effect than large ones. In the work
reported here, the gas was carbon tetrachloride vapor, and the

solid a silica-alumina catalyst with comparatively large particle
size (median = 50,4j). It was found that the solid particles
reach their equilibrium tempeature rapidly and independent of
other particles present, which indicates little if any, heat
transfer between the particles. The effect of the added
particles decreases with increase in the flow rate of the gas.

26. DEPOSITION OF SUSPENDED PARTICLES FRCM TURBULENT GAS STREAMS.
Friedlander, S. K and H. F. Johnstone, Ind. and Engng. Chem.,
Vol. 49, No. 7, Pp. 1151-1156, (July 1957)

Rate of particle transfer is always less than or equal to
the transfer rate of the common gases which follow approximately
the Reynolds analogy.
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27. DYNAMICS OF THE PROCESS OF LOW-TEMPERATURE CARBONIZATION OF SOLID
FUEL. II. HEAT TRANSFER TO LAYERS OF NONSPHERICAL NONUNIFORM
PARTICLES. Z. F. Chukhanov and E. A. Shapatina. Bull. acad.
sci. U.R.S.S., Classe sci. tech. 1946, 505-14

An exptl. investigation of the rate of heating of a bed of
particles by a hot gas. C. and S. find that the time-response
curve of the outlet-gas temp., starting with a cold bed, is

not significantly affected by the cond. or specific heat of
the bed solids in the range investigated. Bed heights were
varied from 10 to 125 mm. Results for nonspherical particles
are correlated by using an equiv. diam. of a sphere such that

the surface per unit vol. of bed is the same for the spherical
particles as for the bed under consideration. Heat transfer
to beds of non-uniform, nonspherical particles follows the

equation: Nu = 0.24 Re0 .8 3 , which was deduced for spherical

particles provided this equiv. diam. is used. (Cf. C.A. 42,2741c)

28. HIGH-VELOCITY METHOD FOR INTENSIFYING THE CONVECTIVE TRANSFER OF
HEAT AND MATTER. Z. F. Chukhanov. Izvest. Akad. Nauk S.S.S.R.,
Otdel. Tekh. Nauk 1947, Pp. 1341-56

Intensive heat transfer is achieved by creating artificial
turbulence to the boundary layers. Particular consideration

is given to systems containing spherical particles of solid

or gas. The previously derived theoretical equation of heat

exchange for layers of spherical particles is in good agree-
ment with exptl. data. Much better heat transfer is obtained
with smaller particles. Extremely effective heat transfer is

attained in powder heat exchangers, even in the absence of tur-

bulence at the boundary layers. (Cf. C.A. 42, 7110c)

29. HEAT AND MATERIAL TRANSFER IN GAS FLOWING IN A LAYER OF SOLID
PARTICLES. E. A. Shapatina and V. V. Kalyuzhnyi, Akad. Nauk

S.S.S.R., Vol. 72, 503-6 (1950)

Appropriate data taken from several sources are examd. to

establish that the log A(Nusselt's no.)/(Peclet's no.)7 is an
approx. linear function of log (Reynolds' no.) for systems where
heat-exchanging gases flow through a layer of solid particles

In log-log plots of the ratio vs. the Reynolds' no. the slope
is approx. (-0.17) and the intercept is approx. log (0.27).
(Cf. C.A. 45, 2272h)
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30. SEPARATION OF THE PROCEDURES OF HEATING AND CARBONIZATION OF FUEL
PARTICLES. Chukhanow, Z. F., Doklady Akad. Nauk U.S.S.R.,
Vol. 72, Pp. 687-690, (June 1950)

If a spherically-shaped fuel particle is suddenly introduced
into a gas of higher temperature, the time required for its
non-stationary heating up is, essentially, a function of the
square of the particle diameter. The time of heat decomposition,
however, is'independent of the particle size. It can be con-
cluded, therefore, that it must be possible to warm up small
particles in a carrier gas so fast, that there is practically
no beginning carbonization, but that carbonization starts only
later, separated by time and space from the period of heating,
without dilution of the carrier gas by volatile ingredients;
a fact that is of technical importance.

Experiments on coal (fraction 0-40.C ) showed that carboniza-
tion of coal dust can only be noticed after 1 to 2 seconds,
and takes over 1 minute for completion. The time for heating
up, however, is of an order of magnitude of 1/100 second only.
(From Chem. Centralbl., 1951, I., p. 3442)

31. THE MOTION OF SOLID PARTICLES IN GAS STREAMS. G. N. Khudyakov and
Z. F. Chukhanov. Akad. Nauk S.S.S.R. Doklady, Vol. 78,
Pp. 681-4, (1951)

Sand fractionated into particles of 70, 200, and 845 m
was introduced into a hot (5000) gas stream in narrow tubes
1500 cm long. The motion was studied cinematographically,
The friction coeff. F was given by the equation F = 0.7R-.18

where R = Reynolds' no. (Cf. C. A. Vol. 46, 1819 i)

32. HEAT EXCHANGE BETWEEN SUSPENDED SOLID PARTICLES AND GAS. Khudyakov,
G. N. and Z. F. Chukhanov, Akad. Nauk SSSR, Doklady, Vol. 80,
Pp. 747-750, (Oct. 1951)

The transmission of heat and matter is different in floating
i.e. moving particles, than on particles.at rest, which are

surrounded by a circulating gas. The difference is that free
falling particles have a rotating motion, and that, even at low

Reynolds numbers, the gaseous boundary layer next to them be-

comes turbulent. This leads to a greater dependence of the
Nusselt characteristic (Nu) from the Reynold number. At lowest

Reynolds numbers, there is well known limiting case, Nu - 2. If
the Reynold number is 50 to 500, the equation: Nu = 0.2 Re0.8 3
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(Re = Reynolds number) is in good agreement with the
experiments (with falling quartz sand of 75 to 2310,1/ ).
At higher Reynolds values, the Nu values in this equation

are too high. (From Chem. Centralbl., 1956, P. 6879)

33. HEAT EXCHANGE IN THE GAS SUSPENSION OF SOLID PARTICLES. Khudyakov,
G. N. and Z. F. Chukhanov, Akad. Nauk S.S.S.R. Doklady, Vol.
80, Pp. 747-50, (1951)

The plant includes (1) air-supply system; (2) elec. tube
furnace for heating of air; (3) container for solid particles
(i.e. sand fractionated into particles from 75 to 2310/L-
with the vibrating gate feeder; (4) vertical heat exchanger
consisting of two quartz tubes arranged concentrically (heat-
radiation losses are prevented by silvering of tubes as well as

by vacuum being maintained between them); (5) cyclone separator
with dust receiver; (6) calorimeter for solid particles and
also the instruments for detg. temp., pressure, and rate during
the process. The main process of heat exchange takes place
between the heating air and the heated solid particles both
of which move in a parallel downf low through the heat-
exchanger inner tube. The high intensity of heat exchange
between gas and solid particles in gas suspension is corro-
borated and, for the first time, the high effect of the non-
stationary section of the gas suspension flow upon heat exchange
is shown. In industrial heat equipment this section of the
nonstationary (from the hydrodynamic point of view) motion of
gas suspension should be widely used for the intensification
of heat exchange and mass exchange. (Cf. C. A. 47, 5735e).

34. MOTION OF SOLID PARTICLES IN GAS SUSPENSION. Khudyakov, G. N.,
Izvest. Akad. Nauk. S.S.S.R., Otdel Tekh. Nauk 1953, 1022-34

The math. theory of motion of particles suspended in a gas
stream is developed. The phenomena were examd. by photography

of moving particles with a high-speed camera. The coeff. of
resistance of the particles in gas suspension depends on R
criteria; in addn. to translation the particles undergo a
rotational motion. The resistance coeff. under these conditions

is smaller than that of pure translation as obtained from re-
sistance to air flow offered by a stationary object in its
path. Working formulas are developed for pathsof particle
motion, and curves are given showing the relations of the
resistance coeff. to R. (Cf. C. A. 48, 2444h)
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35. HEAT TRANSFER IN GAS SUSPENSION. Khudyakov, G. N., Izvest. Akad.
Nauk S.S.S.R., Otdel. Tekh, Nauk 1953, 265-77

In an exptl. study of heat transfer in suspensions of solid
particles in air (quartz dust) it was shown that the equation
Nu = 0.2Re0 -8 3 is valid for the range of Re from 20 to 400.

Thermally nonstatic condition of such systems does not affect
the intensity of heat exchange between air and the solid particles
suspended in it. (Cf. C. A. 48, 1736d)

36. MOTION OF SOLID REACTING PARTICLES. Apter, D. M. and Z. F.
Chukhanov (Siberian Branch, Acad. Sci. U.S.S.R., Irjutsk).
Inzhener.-Fiz.Zhur., Akad. Nauk Belorus. SSR,, Vol. 4, No. 3,
Pp. 26-30, (1961)

Hydrodynamic effects of the exothermic and endothermic
reactions produced by solid particles moving in a liquid or gas
medium were investigated. Identical 5-mm. diam. clay balls

were introduced at regular intervals into a vertical 45-mm
diam. tube contg. H20 to a depth of 1 m., and their motion was

filmed at 4000 frames/sec. Balls satd. with concd. H2SO4 were
used in the study of heat-evolving particles, and their drop
was compared with that of H20-satd. balls. The inert balls
assumed their normal rate of drop at the depth of 5-7 cm., while
the H2SO4 -satd. balls initially decelerated at 3 cm., but grad-

ually accelerated and finally exceeded the speed of the inert
ones at 20-30%. The chem.-phys. action of H2S04 in H20, and the

heat effect on the viscosity of the boundary layer were examd.
The coeff. of the hydrodynamic resistance of the medium

fx = 4/3 g d/v 2 /(~ /m -1) - Yb la/Ym / dv/d ], where
d diam of ball, Vx velocity of drop, and ab and im are, resp.,

ds. of the ball and the medium. The J1x value of the H2 SO 4 -satd.
balls at the bottom of the tube, where dv/dl = 0, was 20-5%
below that for the inert balls. The temp. of the boundary layer
at times exceeded 1000, but no boiling effects were observed.
An increase in the Re value of the medium decreased slightly

the difference between the coeffs. The motion of heat-absorbing
particles was studied with similar balls satd. with NHRNO3. The

'x coeff. for these was 20-30% higher than for the inert balls,
and the effect of Re value in the 1000-5000 range was negligible.

The extent of deceleration indicated cooling of the boundary layer
to 00 and below. The motion of reacting particles cannot be calcd.
by standard methods.
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37. CONSIDERATIONS ON THE EFFECT OF SOLID MIXTURES ON THE VELOCITY
OF MOTION OF A FREE POWDER-AIR STREAM. Chernov, A. P.,
Zh. Tekh. Fiz., Vol. 26, No. 5, Pp....(1956)

(Not seen)

38. APPROXIMATE ANALYTICAL METHODS IN THE CALCULATION OF MOTION
OF SOLID PARTICLES IN A GAS FLOW. Gorbis, Z. R., Trudy-Odessa
Techn. Inst., Vol. 6, Pp.....(1954)

(Not seen)

39. THE DETERMINATION OF THE COEFFICIENT OF HEAT TRANSFER FROM
GRAPHITE POWDER TO A PIPE WALLS. Gorbis, Z. R., Tech. Rep.
Odessa Technolog. Instit., 1957

(Not seen)

40. CRITERIAL EQUATIONS OF CONVECTIVE HEAT EXCHANGE IN THE TWO-PHASE
FLOWS OF THE "GAS-MIXTURE" TYPE. Gorbis, Z. R., Izv. Akad. Nauk
SSSR, Otdel. Tekh. Nauk, No. 9, Pp. 94-102, (Sept. 1958)

An analysis -f theoretical and experimental data on the

application of 'gas-mixture" principle. The equations devel-
oped by the author are compared with, and verified against
data from the authors' experiments and from other workers.

41. SOME PHYSICAL PROPERTIES OF A LAYER OF ARTIFICIAL GRAPHITE PARTICLES.
Gorbis, Z. R. and V. A. Kalender'yan, the Soviet J. of Atomic

Energy, Vol. 11, No. 5, Pp. 1097-1102 (1962) (Translrted from
Atomnaya Energiya, Vol. 11, No. 5, Pp. 450-454, (Nov. 1961)

Graphite particle of 0.4 to 2.88 mm size (density, 2.05)
were used as a reactor coolant. The mean particle size was
1.32 mm, but decreased after repeated use to 1.32 mm, accompanied
by an increase in temperature conductivity. This conductivity

increases also with an increase in temperature. The importance
of the gas layer between the particles is emphasized - but has not
been determined yet.
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42. A STUDY OF CONVECTIVE HEAT TRANSFER FROM A GAS GRAPHITE MIXTURE
DURING FLOW WITHIN VERTICAL CHANNELS. Gorbis, Z. R. and R. A.
Bahktiozin. Atom. Energiya, Vol. 12, No. 5, Pp. 378-384, (May
1962)

A calculated generalized relation is developed, and the

effect on heat transfer of certain basic factors is analyzed.
The authors' experimental results are compared with data from
other workers' experiments.

43. DIFFERENTIAL EQUATIONS OF HEAT TRANSFER IN DISPERSED FLOWS OF
THE MOVING-BED TYPE (Differentsial'nye yravneniya teploobmena

dispersnykh potokov tipa "dvizhushchusya sloi). Gorbis, Z. R.
Inzh.-Fiz.Zh., Vol. 5, No. 10, Pp. 32-39, (Oct. 1962)

The paper deals with an anlytical study of heat transfer in
binary media. A system of equations for continuity, motion
and energy is obtained on the basis of a binary structure of
dispersed media and of the application of the reference con-
ditions to each of these components. The obtained relations,
when being single-valued,apply to a number of analytical
solutions and to the substantiated use of the similarity
theory for obtaining criterial relations between the mechanism
of motion and complex heat transfer of a moving bed with and
without blowing.

44. SMOKE-SCATTERED LIGHT MEASUREMENTS OF TURBULENT CONCENTRATION
FLUCTUATIONS. Rosensweig, R. E., H. C. Hottel and G. C.
Williams, Chem. Engineering Sci., Vol. 15, Pp. 111-129 (1961)

A spherical smoke particle, suspended in sinusoidally vibrated
air vibrates according to the equation:

lp = [1 + (4 Il f r2 /

lla = amplitude of sinusoidal air-velocity fluctuation

*t4 = " " " particle-velocity "

f = frequency

r= particle radius

= density

,l = absolute viscosity
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45. GASEOUS SUSPENSIONS - A NEW REACTOR COOLANT. Donald C. Schluderberg,
Robert L. Whitelaw, and Robert W. Carlson (Babcock and Wilcox
Co., Lynchburg, Va.). Nucleonics, 19: No. 8, 67-8; 70; 72;
74; 76 (Aug. 1961)

Suspensions of graphite in He, N2, CF4 , air, and C02 are
considered as reactor coolants. The suspensions have reduced
pumping power, higher specific power, lower coolant volume
fraction and pressure, and lower fuel temperature as compared
with gas coolants. The heat transfer, pressure and coolant
drop properties of the suspensions are studied.

46. THE APPLICATION OF GAS-CERAMIC MIXTURES TO NUCLEAR POWER. D. C.
Schluderberg. (Oak Ridge School of Reactor Technology, Tenn.)
Aug. 1955. Decl. Apr. 6, 1956. 42p. $2.80(phOTS): $3.30
(mf OTS)

Gas-ceramic mixtures appear to be ideally suited for use as
reactor coolants and thermodynamic media in a closed cycle
gas turbine type of nuclear power plant. With better coolant,
thermodynamic and nuclear properties than gases, and possess-
ing unique system decontamination properties; these mixtures

.greatly improve the competitive position of this type of plant
in relation to other types using liquids and vapors as reactor
coolants and thermodynamic media respectively.

47. GAS-SUSPENSION REACTOR COOLANTS. D. C. Schluderberg. (Babcock
and Wilcox Co. Atomic Energy Div., Lynchburg, Va.) Dec. 1959.
27p. OTS.

The gas-suspension coolant experimental work demonstrates that
the addition of a suspension of finely divided graphite in low
pressure C02, N, or He produces a coolant which has excellent

high-temperature heat-transfer and heat-transport capabilities
without sacrificing the advantages of gas coolants. Gas-
suspension coolants appear to be capable of effecting substantial
reductions in capital, fuel, and operating costs of nuclear
power plants by eliminating such undesirable reactor coolant
characteristics as high pressure, poor materials compatibility,
special hazards and handling problems, scarcity, high neutron cross
section, susceptibility to radiation damage, and incompatibility
with high-temperature operation. Consequently, progress should
be greatly accelerated toward truly competitive nuclear power

generation costs.
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48. GAS-SUSPENSION COOLANTS FOR POWER REACTORS. G. K. Rhode,
D. M. Roberts, D. C. Schluderberg, and E. E. Walsh (Babcock
& Wilcox Co., Lynchburg, Va.). Pp. 130-7 of "Proceedings of
the American Power Conference."

Data on gas-suspension coolants are reported which confirm
the advantages of these coolants over gas coolants for reactor
use (reduced equipment costs, increased heat transfer, and
reduced pumping power required for equal heat transport).
Graphite particles of size 1 to 511L were suspended in N2,
He, CO2 , Ne, or Ar and cycled in a high-temperature heat trans-
fer test loop in which the temperature extremes were 200 and
1000 F. After 11 hr operation, the arithmetic mean particle
size was reduced by a factor of '-2, but the reduction decreases
with time and does not affect the heat transfer and pressure
drop characteristics of the coolant. The test loop was operated
successfully for > 300 hr; no materials incompatibility, wear,
corrosion, or erosion were detected in the system. Heat trans-
fer, coefficients of turbulence promoters to improve heat
transfer is discussed. Other advantages of gas-suspension
coolants are given. (From NSA Vol. 15, 8363, April 15, 1961)

49. A TWO-WAVELENGTH PYROMETER FOR TEMPERATURE MEASUREMENTS IN GAS-
SOLIDS SYSTEMS. Themelis, N. J. and W. H. Gauvin, Canad. J.
of Chem. Engng., Vol. 40, No. 4, Pp. 157-161, (Aug. 1962)
19 refs.

The measurement of particle temperature in gas-solids suspensions
by conventional pyrometric methods is complicated by a lack of
knowledge of the particle emissivity and the absorption strength
of the cloud. Further difficulties may be caused by background
re-radiation, variations in geometrical factors and - if the
particles are undergoing chemical reaction - rapid changes in
the particle temperature. These difficulties can be eliminated
if the radiant energies emitted by the particles at two different
wavelengths (close in value) are measured simultaneously.

A pyrometer based on this principle was designed and constructed
for measuring temperatures both in the infra-red'(500-9000C.) and
the visible (800-1200 C.) ranges. The radiation from the particles
was passed through suitable pairs of monochromatic filters insert-

ed in diametrical opposition into a metal disk rotating at speeds
up to 8,000 r.p.m. The two alternating beams were focused on
the cathode of a photo-electric cell, and the resulting voltages

measured by means of a cathode-ray oscilloscope. The instrument
was used successfully in an investigation of the rate of reduction
of small iron oxide particles in the presence of hydrogen at

temperatures ranging from 500 to 11000C.

C19



COAGULATION AND SCAVENGING OF RADIOACTIVE AEROSOLS. Rosinski, J.,
D. Werle and C. T. Nagamoto; J. of Colloid Sci., Vol. 17, No. 8,
Pp. 703-716, (Oct. 1962)

The coagulation constant of nonradioactive and radioactive
metallic aerosols produced by an exploding-wire technique was
determined experimentally. At early stages of coagulation
the coagulation constant of radioactive gold aerosols (2 to
3.5 e./g.) was approximately twenty times the mean value of
slightly radioactive aerosols (50 to 900 mc./g.). The values
of the coagulation constant were corrected for deposition on
vertical wall surfaces by means of a derived equation.

Scavenging of radioactive aerosols was divided into three
groups based upon the mechanism of coalescence: (1) dry
particulate matter mixed with an aerosol, (2) dry particulate
matter formed in the aerosol atmosphere, and (3) hygroscopic
and liquid particulate matter formed in the aerosol atmosphere.
Brownian motion in the presence of a water vapor concentration
gradient around condensing droplets was found to be the most
effective scavenging mechanism for slightly radioactive aerosols.

ON THE THEORY OF THERMAL FORCES ACTING ON AEROSOL PARTICLES. Brock,
J. R., J. of Colloid Sci., Vol. 17, No. 8, Pp. 768-780, (Oct.
1962)

Disagreement between experimental results and aerosol thermal
force theories for regimes from continuum toward free-molecule
is explained through application of first-order slip-flow
boundary conditions. The influence of the convective flow on
the thermal force is explored through a perturbation technique.

STUDIES OF GAS-SOLID HEAT TRANSFER IN FLUIDIZED BEDS. Ferrin, J. R.
and C. C. Watson. Fluidization, Vol. 58, No. 38, Pp. 79-86
(1962) Amer. Inst. Chem. Eng., Symposium Series, New York

Calculations are given for the heat transfer between the
suspended particles and the gas.

AEROSOL SIZE DISTRIBUTION FROM ION MOBILITY. Hurd, F. K. and
J. C. Mullins, Journal Colloid Sci., Vol. 17, Pp. 91-100 (1962)

Solid particles, suspended in a gas, which can take up an
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an electric charge, can be measured, especially in the
range between 0.01 and 0.1 micron, either by ion mobility or
by electron microscope. The values found by these two methods
are in good agreement.

54. COMPARING INVESTIGATION OF PARTICLE SIZE DISTRIBUTION OF SOLID
DUSTS BY MEANS OF A HIGH-VOLTAGE SEPARATOR AND THE ELECTRON
MICROSCOPE. (Vergleichende Untersuchung uber die Bestimmung
der Korngro enverteilung fester Staube mit Hilfe eines
Hochspannungsabscheiders und des Elektronenmikroskops).
Arnold, M., P. E. Morrow and W. Stoeber, Kolloid Zeitsch, Vol.
181, No. 1, Pp. 59-65, (1962)

The velocity of charged particles below 1 micron is in-
dependent of the radius and proportional to the strength of
the electric field. For particle above 1 micron, the
velocity increases linearly with the radius and with the

square of the field strength. Thus, the smallest particles
will stay in suspension the longest time.

55. ON THE INFLUENCE OF THE SIZE AND SPECIFIC GRAVITY OF SOLID
PARTICLES ON THEIR HEAT TRANSFER COEFFICIENT TOWARD A GAS

IN A FLUIDIZED BED. Gel'perin, N. I. and V. G. Ainshtein,
International Chem. Engng., Vol. 2, No. 4, Pp. 501-503,
(Oct. 1962)

A proposed theoretical mechanism confirmed by comparison
with experimental data.

56. A METHOD OF CALCUlATING THE CONCENTRATION OF SOLID PARTICLES
BEING TRANSPORTED BY A GAS STREAM ALONG A HORIZONTAL PIPELINE.
Donat, E. V., International Chem. Engng., Vol. 2, No. 4, Pp.
550-553, (Oct. 1962)

Experimental results of ai investigation into the re-
lationship between the concentration of solid particles in
a gas stream and its velocity for the case of a horizontal
pipeline.
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57. HANDBOOK ON AEROSOLS. Chapters from the Summary Technical
Report of Division 10, National Defense Research Committee.
Washington, D. C., U. S. Atomic Energy Commission. 1950.

(Not seen)

58. BIBLIOGRAPHY ON AEROSOLS, 1950-1955; Supplement to Report
SO-1003. W. J. Scheffy. Oak Ridge, Tenn., U. S. Atomic
Energy Commission, Technical Information Service Extension,
1956. (Report COO-1016).

59. THE MECHANICS OF AEROSOLS. N. A. Fuks. Translated from the
Russian by MSP. E. Lachowicz. Maryland, U. S. Army Chemical
Warfare Laboratories, 1955. (Issued by U. S. Office of
Technical Services, CWL Special Publ. 4-12).

60. TURBULENT DEPOSITION IN SAMPLING LINES. L. C. Schwendiman and
A. K. Postma (General Electric Co. Hanford Atomic Products
Operation, Richland, Wash.). (From NSA, Vol. 16, No. 21,
P. 3824, Abst. 29223)

The significance of turbulent deposition of particulates
in sampling lines is discussed. Data are presented which
permit the deposition to be estimated. The particulate
material used in most of the experiments was fluorescent grade
ZnS. The powder-laden air was passed into a vertical pipe.
The number of particles of a given size deposited on a unit
area per unit time of those in the unit volume of gas passing
through the pipe were measured. Deposition was found to be
extremely sensitive to particle size and sampling velocity.
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This Appendix incorporates a paper describing work current in

the U.S.S.R. through 1956. It is generally unavailable in English and

was translated by The Franklin Institute during the early stages of the

project prior to publication of Reference 12.

APPENDIX D

CRITERIAL EQUATIONS OF CONVECTIVE HEAT EXCHANGE
IN THE TWO-PHASE FLOWS OF THE "GAS-MIXTURE" TYPE

(Krit erial' nye uravneniya kouvektivnogo t eploobmena
v dvykhfaznykh potokakh tipa "gazovzvec'")

by Z. R. Gorbis

Translated from Izv. Akad. Mauk SSSR, Otdel, Tekh, Nauk
No. 9, pp. 94-102 (Sept. 1958).
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CRITERIAL EQUATIONS OF CONVECTIVE HEAT EXCHANGE IN THE TWO-PHASE

FLOW OF THE "GAS-MIXTURE" TYPE.

Z. R. Gorbis

Z. F. Chukhanov [1] showed that the application of "gas-mixture"
principle is one of the most efficient means to accelerate the transfer
of heat and matter. The "gas-mixture" principle is analyzed in this
study.

1. The equation of continuity.

For the case of a two-phase flow "solid-particles-gas" no infinitely

small objects should be considered identical, because they might be in-

volved either in the solid or the gas phase, or at the boundary between

these phases.

In the present work, the processing by the infinitely small values

is not proportional. The same took place, for example, in ( 2, 31
To write the equation of continuity we assume:

a. In all of the flow elements the solid particles' dispersion is

uniform and invariable in time.

b. There is no conversion of one phase into another.

c. The velocity is infinitely differentiated and continuous by the

variables function.

The first assumption is possible if there is a relatively uniform

motion of the flow components.

The second assumption becomes operational if using insoluble particles

which are not disintegrated.

The first and third assumptions are possible if the radial pulsations

of the solid particles and the effect of their rotation about their axis

as well as their self-impacts are disregarded. In other words, if the

neutralized motlon of the particles is taken as a uniformly and linearly
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directed motion. The assumption of these limitations, for the case

of a vertical flow under certain conditions (concentrations of particles,

in particular), was confirmed experimentally.

Let u

P0

s give the following notations:

? ,22 are the absolute velocities of particles

and gas in mr/sec.;

o is the relative velocity of particles

is the boundary relative velocity, the whirl velocity in

m/sec.;

is time of motion of flow in sec.;

1, 2 are the density of particles and of gas

in Kg sec 2/m-4;

Q1, Q2 , Q are the volumes of particles, of gas, and

of mixture in cu. m.;
k = Ql / (Q1 + Q2 ) = Ql/Q represents the mass concentration

of particles;
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CJO _ J is the mass velocity in kg sec,/m

Subscript 2 relates the values to the fluid (gas); whereas subscript 1

relates the values to the solid particles.

In a two-phase flow let us consider a rectangular parallelepiped with the

dimensions of its sidesA A , .y and d z exceeding the size of particles.

By introducing the function (A( x+ Ax) in the Taylor series and dropping

the members which include the derivatives of the above-shown first order, we

proceed with the conversion and obtain the following equation of continuity

of the two-phase flow:

+ + "')+ + (1 -1k) a + + =0 :(1.1)(

If an incompressible fluid is the case, and if the second assumption is

correct, then / 73T 0 and /2/2-"= 0. Then, in vectorial form, we have

kdivwi+(1--k)divw
2 0 =(1.2)(1.2)

This expression indicates that, for the case of a two-phase flow, the

sum of divergences of vector fields of mass velocity of both solid particles

and fluid is equal to zero, if they are taken in concentration fractions of the

corresponding phases. In other words, the flow presents neither discontinuities

nor internal sources. To a great extent in this solution the error depends on

the size of solid particles and on the nature of their motion.

At d4 --s 0, the K'-?,0 and formulae (1.1) and (1.2) become the regular

equation of continuity for the cases of compressible and incompressible fluids.
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2. The equation of fluid motion in a two-phase flow.

On the basis of Newton's second law

Z P) = (- dQ (2.1) (2.1)

where

is the sum of projection on axis x of all of the forces,

acting on the parallelepiped, and which were released during the

fluid phase (Fig. 1);

(1-k) dQ = dQ2 is the infinitely small volume of the parallelepiped

during the fluid phase;

Dv'2x /dZ is the projection on axis x of the substantial

derivative velocity of the fluid

Dr Oz'.. Or7 01'Y C9%

di

1P9

Fig. 1. Deriving the equation of fluid motion in a two-phase flow.
Osculation of the fluid and solid phases are shown on the
facets d z.

The effect of the two-phase system on the motion of the fluid is

made obvious by the changes in the field of fluid velocity. However, this

effect is insignificant 6] at concentrations less than 1 Kg/Kg. At higher

concentrations of particles this phenomenon should be considered in

the light of the above shown equation. Because the elements of both
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solid and fluid phases do, very probably, contact each other (in Fig. 1,

for instance, on facets dxdz), we also consider such forces as pressure

and friction in the boundary layer of the fluid and at the surface of

solid particles, apart from the forces of gravitation, and/or the forces

determined by the usual, normal, and tangential stresses. The resultant

of these forces can be defined as the force of resistance of particle

motion when N1 >10 the resultant is equal to

C(p 2vo 2dF = 1.5bCp2v02k ?Q (2.2)

(2.2)

Where:

C is the coefficient of frontal resistance; d9 is the

equivalent diamter of a particle.

In working out further the expression (2.1) we obtain the equation

of fluid motion in a two-phase flow ( V is the coefficient of kinematic

viscosity).

(-k)p 2  x= (p 2g; - + VPV2v2x ) (1 -k) + 1.5 Cp2v024d (2.3) (2.3)

When the mass concentration is less than one or equal to zero

(complete absence of particles) the equation (2.3) becomes the Navier-Stokes

equation.

3. The equation of motion of the solid phase.

It is obtained by taking into account the effect of the resulting
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forces of gravitation and Archimedes's law. The effect of forces of

the internal pressure and friction in the boundary layer at the surface

of particles is determined by the square-law. Thus, for the counter-flow

(1.V) we obtain

Dy1  
v Z

_ (Pi -P2) g - 1.5 Cpl dPi d-r
(3.1)

(3.1)

For the descending and ascending concurrent flows we shall have accordingly

PDv. _(1 v5 42 2  T.)~-_
piN (1- )do .5 : ,P1 = 5cp2 d 1--- P 2) g 3.

(3.2)

4. The equation of energy in the two-phase system.

It is obtained on the basis of the first thermodynamics law. If

changes in the flow pressure and in the kinetic energy of solid particles

and of the fluid are not considered (which is permissible in most of the

bases), then the amount of transferred heat is determined from the difference
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in the enthalpy phases of the flow. Thus, for the fluid and solid phases

(spherical particles), correspondingly, we shall have

-- _ a2 0Vt2 . 0 - 4 at (aOil 2 daOda

a1 =- a2=.- -(1cipg c2 p2g (4.1)

For the two-phase flow

-T+a2<t2-- <+4a12 + =0 ('.2) (4.2)

Where

t2, t1 are the temperatures of fluid, and of particles;

a2 and a1 are the coefficients of the fluid termal diffusivity,

and that of particles in m2 / hour.

5. The criterial hydromechanic equation in the two-phase flow.

The similarity theorem of motion is established in using the method

applied in working out the equations (1.2), (2.3), (3.1). Correspondingly

we obtain

{ *~Pi ' 1)2 (5.1) (51
! i k,- , , ) = 0 (5.1)( . )

/2 (k, , V, , v , Q -, =D 0 (5.2) PaVo D PaV2a'
1

/3 , gD Pi .-- bV
2 ag 0 (5.3) (5.2)

Pa ' p 1 (d53.

(5.3)
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An analysis of the equalities (5.1) - (5.3) shows that the similarity

criteria which were established through the equation of continuity can be

also obtained from the equation phases' motion. Therefore, the conventionally

determined equation (1.2) does not affect the criteria equation we sought for.

In the equation (5.3) the complex taking account of the fundamental character-

istics of the particles is of an extreme importance

Z = gCVd2, (5.4) (5.4)
Plgdaa

Since, generally, C _ m/N., then criterion. has a different expression,

depending on the value of the exponent n. In agreement with the square-law

the resistance

for200(Nh K 1 5 -n=0;

for 10K NR <( 200 - n = 0.5

Therefore:

Z ... = ,.= V 92
Pigda. pigvo0 '

5d 3
.5(5.5)

(5.5)

In the form they were worked out the quotient values of criterion Z
are those obtained by I. E. Tsetyrkin and P. M. Volkovj2 . To show the

substance of criterion Z we present it in the following form:

Z= (N3 = Z, Z= NR> = idem

3 / r2d :; Vbd \
2 (5.6)

PaN3'= -
2

C = CNVnc

(5.6)



Thus, criterion Z is characterized by the uniform motion of particles

with the boundary relative velocity Q2b* WhenV b 7AVo Z should be

changed (replaced)

Z' = Z = -~ (xxx)
vu Ni~tc b

On the basis of the equations (5.1)--(5.3), and of the second theorem

of similarity, we have:

Eu = NHo,k, v-, NFr NFr, P, U, Nae, Z, Z') (5.7)

(5.7)

The concentration coefficient determined according to mass flow rate of

the phases G1, G2

k p v k - I( .
i - k p2 v2 1 - k w2  (5.8)

replaces the effect of such simplexes as: the mass concentration k; the ratio

of velocities\/ 1 / V2 ; "slip" phases; and the ratio of densities fl /1f2 *
For the similarity of the two-phase flows it is necessary that the fields of

concentrations should be not only similar but also identically coinciding.

In a practically uniform motion the k ro r .Co criteria NH. and 0Z'

drop out, and they should be accounted for when considering the runaways.

Replacing Eu through the general coefficient of resistance in the two-phase

flow 06 , for the case of a uniform counter-flow we have
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XoO = /1 (NRe, , , Z) (5.9)
% K (5.9)

and for the case of a uniform concurrent motion of phases we have

S06 = /f (Nrte, , , Z, NIr} (5.10) (5.10)

In using the principle of loss overlapping we calculate the general

coefficient of friction which consists of components corresponding to the

resistance of "pure" fluid ( 2 ), and of components which bear the effect

of particles' motion on the general drop in pressure ( 1 ).

The value 1 is determined not only by the ordinary stresses which

are formed in the boundary layer at the surface of solid particles; but also

through the "external" friction of particles in the course of their impact

with each other and against the walls; by the resistance of the turbulent

pulsations of solid particles in the flow; and by the resistance of their

rotation about their axis. In the ascending pneumatic transport part of the

pressure is also spent in the ascent of particles, and it can be calculated

through the coefficient53 which depends on concentration and criterion

N .

Thus, bearing in mind that 2 =+(N4 ) and taking account of

equation (5.10), we obtain the general and hydromechanical criteria

equation for a stable two-phase flow

0o6 = 51 + 2 + = f,, NDeb ) + +(NR,) + <p( , NFr) (5.11) (5.11)

6. Criteria equation of heat-exchange in a "gas mixture".

In agreement with the equation of heat exchange at boundaries
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(ade ado t2 D
f lX-2 ' 2a1',tl 'dl = 0 X6.1) (6.1)

In agreement with the equation of heat-transfer in a two-phase flow

(4.2)

(v2T a2T 4a1T t2 D v2D = 0 (6.2)
/2(D '' dl2 ' tl'd, 6a.)(6.2)

In agreement with the expressions (6.1), (6.2) and (5.7), and on the

basis of the second theorem of similarity, it is obtained the following

general criterial equation for the convective heat-exchange in a two-phase

flow of the "gas-mixture" type:

Nu = /(Kj Io, AFri, AFr2, AFol, 11o 2, Nm1 , N, , d', s,-,-(.) 6.3)

In a stationary thermal regime of a constrained steady motion, the

criteria of Froude, Fourier, Biot, and that of 0 drop out of

equation (6.2), while criteria

NReb =Qb d.3 ly serve for the Reynolds's numbers.

In addition, the "runaway" time of particles up to a uniform motion

acquires a finite value which depends on the allowable "no-run" of the

corresponding hyperbolic functions up to one[5].

Thus, the criteria equation of the convective heat-exchange in a

stationary gas-mixture becomes

VNII/= (Ne, r1
,,Pr , 4 }r (6.4)

7. Experimental data.

The criterial equations which we obtained can be presented numerically

by taking account of the corresponding experimental data.

The hydraulic resistance of a flow of the "gas-mixture" type is usually

determined by using the Gasterstadt coefficient L9-11l.
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Thus:

Sob=(1 + m)c2 (7.1) (7.1)

In this case the whole complexity of calculations is transferred to and

concentrated on the experimental coefficient m which thus takes care of the

effect of the numerous factors which are not uncovered during the experiment.

Such formulae as C7.11 are simply empirical and do not allow any generalization

of various data. The use of similarity theory in the field under discussion was

until recently considered insignificant, and, in some works 9, 121 even im-

possible.

In I. E. Tsetyrkin's study The Hydraulic Resistance in the Motion of a

Powdered Flow in a Horizontal Pipe L2] the experimental data were treated in

a criterial way on the basis of the relation ob= f(NReI$B). A numerical

formula was thus arrived at:

o = (0.316 + 0.01i) N1 I;~ 2* (72) (7.2)

Mention should be made that the experiments were performed with a 46mm

diameter pipe, and particles of d) = 0.14 -- 1.2mm while the flow was in-

significantly powdered. That explains why the effect of criterion F!,

determining the particles motion, was not revealed; and the resulting relation

was simply yet another aspect of the well-known formula of Blasius. Since

criterion [ is a partial expression of criterion Z (5.4), it follows (with

certain allowance) that the coefficient of frontal resistance is constant.

The latter statement can not be correct, if we take account of the range of

particles which were used.
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As an example of verification and disclosure of the criterial equation

(5.11) we present the processing of experimental data* on pressure loss in

a counter-current motion of quartz particles (d: - 0.45mm -- 1.12mm,

D- 100mm); in a concurrent motion of particles (D= 70mm); and in a pneu-

matic transport of the grains (according to data of Gasterstadt and Zegler)

19, 13] . For the case of an ascending "gas-mixture"

v2 '
(xxxx)

the coefficient of resistance 2 was well analyzed, and for the case of a

turbulent flow in smooth pipes it can be determined according to the formula

of P. K. Konakov. Thus, in order to define ob j 1 + 2 + 3 , the deter-

mination of a relation for 1 is required. For this purpose a series of ex-

perimental data were processed and graphically shown in Fig. 2.

C 0

2B --------
of

- ~

I. G

9 07 Uri/ 06 08

ODur. 2

Fig. 2 Experimental d to () on pressure loss in
"gas-mixture" - 102 N~e b d3 /D.

1.

2.

3.

4.

Counter-current motion of quartz particles
(d9 - O.45-r- 1.12mm, D - 100mm)
Concurrent motion of quartz particles
(pneumatic transport d3 - 0.45-- 1.12mm, D - 70mm)
Zegler's data (vertical pneumatic transport of the
grains d. = 3.3mm, D = 113mm)
Gasterstadt's data (vertical pneumatic transport of the
grains d3 - 3.3mm, D = 95mm).
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On the basis of the above-shown processing the following relation was

arrived at:

l=O.5 t D =-O./32 = C 
~ a \0 S-0.5 N' =d.43 ,6 CP-1_ (7.3)

Reb d 2
,
5  P ) (7.3)

Then, the criterial equation (5.11) becomes

P. 0O.5 D +211F 7.)(7.4)06 = 0.5 NRebde + (1. 8 1lgNRe--. 5)2 -- 2Nyr (7.4)

The above shown relation is correct for the case of a vertical

"gas-mixture" when the physical parameters are determined by the average gas

temperature, and for the following boundary values of the criteria:

3x103< Ae= <3.2x106  L<7, 56<NRe= bd<1640

(7.5) (7.5)

1250 < E1<3100, 29 <4D< 2 2 0 , 0.001 <NFr<0.01P2 aC C

In agreement with the equation (6.4) the convective heat-exchange in

a "gas-mixture" can not be generally described by means of criteria equations

of the type of NNu = (Ne) or N =Nu (N).

The effect of certain factors which were not considered so far will
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be shown further in this study.

The effect of the thermal flow direction, and of the temperature factor

was studied for the case heating-cooling cycle of the particles, which is

characteristic for heat exchangers of the type "gas-mixture". The heat

exchange study was carried out during the motion of quartz particles

(d 3 is 0. 45mm, Ok71mm, 0.89mm and 1.12mm) in a counter flow of heated air,

initially, and, afterwards, in a counter flow of cool air.

The particles concentrationj11 varied from 0.3 to 1.23; the simplex

D/d from 90 to 222; and the number NReb =\-g' d /\ from 57 to 422.

In addition, the temperature factor t2/t1, pointing out to the changes in

the direction of thermal flow, was in the range of from 0.38 to 1.86. The

analysis of the results have shown that the coefficient of heat transfer in

the zone of heated air (t2/t 1 (1) was 5-1-15% higher than in the cooling zone

(t2/t1 > 1). The effect of the temperature factor on the heat exchange

intensity in a "gas mixture" can be accounted for by leaving in a corresponding

degree the simplex t2/t1 in the formula the parameters (Npr2/Nprl) 0.25, on the

basis of the special studies of M. A. Mikheev, I. T. Alad'ev and 0. S. Feldynsku

14, 151.

The processing of experimental data (while the mean temperature of the

gas was selected to serve as the determinant temperature) showed that the

range magnitude of the temperature factor is close to zero; and, also that

in the presence of different directions of the thermal flows the criterial

relation could be well-defined.

The fields of experimental points were worked out by using the method

of least squares

VNu = 0.188N")b (7.6) ,.6)
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In the determination of NNu the mean error was + 9.75'0%

10O

QDir. 3

Fig. 3. Experimental data on heat exchange in a "gas-mixture".

The continuous line is according to formula (7.7).
The dotted line is according to NNu = 0.56 NR 0.5

1. Data fro G. N. Khudyakov's study (descending concurrent);
2. Data from Z. F. Chukhanov and A.M. Nikolaev (incidence layer);
3. Data from D. N. Lyakhovski (free incidence in the air);
4. Data from I. M. Fedorov (ascending concurrent).
5. This author's data (heating-cooling particles in

counter-current).

Fig. 3 shows different experimental data on the heat-exchange in a

"gas-mixture", which were obtained during heating of particles, compared with

data corresponding to the variable direction of the thermal flow. It is im-

portant here to note that at 20(NJ < 500 all of these data are satisfactorily

in agreement. They were generalized in the formula worked out by Z. F. Chukhanov

for the case of turbulized boundary layer [1] . This formula was later con-

firmed by investigations 4, 7.

NNu = O.2NCO (7.7) (7.7)

To calculate the temperature factor, the parameter (Npr2/Npr) 0 .2 5

and,also, the criterion Npr are introduced in the above shown formula. Thus,

the criteria equation (6.4) becomes

NNu = 0.232NRe3( Nr )(7.8) (7.8)
Nrr 1 / (7.8)
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In agreement with Fig. 3, the linear parameter D/dwith a broad range

of variations (C4 in D. N. Lyakhovski's experiments; from 60 to 1,900 in

G. N. Chudakov's experiments) has no effect at all. The independence of heat

exchange from any directions of the solid and fluid phases is also important.

- -0. -02 +02 + igj

Fig. 4. The relation between the heat exchange in a"gas-mixture"
and the concentration of particles. Data from G. N.
Khudyakov:

* -d = 0.2mm; (® - d = 0.15 - 0.45mm; A - d :- 0.7 - 0.845mip

U -dc; -. 1 02mm.

Author's data: 0- di 0.45mm; +- d 4 =0.71mm;)(- d; 0.89mm;;

J - d_; 1.12mm.

The effect of the complex "simplex-concentration" on the convective

heat exchange in a " gas mixture" is shown in Fig. 4. The processing of

G. N. Khudyakov's data (which were obtained during relatively high concentrations

(up to 4.6) in the heat exchanger L = 160cm, D = 1.43 cm) was conducted ac-

cording to formula (5.8). In addition, V 1l-v2 -'\o whileN? 0  was determined

according to the numbers NRe0 shown in table \_7j . The ordinary method of

logarithmic anamorphosis was used in order to determine the relation

9.83
NNu / N9.0 = f). The mechanism of the above-considered effect can be

explained by the fact that the higher the concentration of particles in the

flow the more "hampered" the motion of particles. The ever-increasing effect

of "neighbor" particles leads to an increase in both the number of incidents

of collision with each other, and of impacts against the walls. It therefore

leads to a decrease in the relative velocity of the motion (of the boundary

Vb among them); it leads to a characteristic deformation of the field of
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fluid velocity at the flow cross-section (and thus it leads to a non-uniform

distribution of gas flows at cross-section); it leads to the slowing down of

the rotation motion of particles (the motion which plays so important a part

in the turbulization of particles' boundary layer).

All of the above listed phenomena are made obvious in the definite values

of concentrations, (as indicated also by the insignificant difference Vb ), as

determined in "free" and "hampered" conditions at} up to 1--1.5. The usual

statement on the relation of independence between the heat exchange and the

particles' concentration, can be thus explained, and so it is the absence of

simplex /Itl from the formulae [4, 7, 11 . In Fig. 4, the horizontal portion

of the graphic corresponds to this particular condition. However, further

changes in the hydrodynamic factors in a "gas mixture" lead to the slowing-down

in the heat-exchange (the oblique portion in the diagram). Then

NNU= CN1O [ -".(7.9)

To the first portion of the diagram (,LLK 1.4) corresponds the relation
0.83

(7.7) NNu = 0.2 N1 0 . For this relation, in a simplified formula the

momogram in Fig 5 was processed.
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35p0

0-76

J- d

1f2

i2 4~

D)r. 5. HoMorpaMMa an onpe ieHnnr5 oa@@FITxCIuTa xoiinneR-
TIBHOrO TenJIOo6MCEIO B ((ra3OB3BCCH* npH @ < 1.4, 20 < NRCO <

500, noc~pociaai no @opMyne

Fig. 5. Nomogram for the determination of the coefficient of
convective heat exchange in a "gas mixture" at <K1.4,
20 <Ne 0 < 500, according to formula

= 142(1-0.104 t) V0 83 d" 7

100) 0a
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When

1.4 <>1<4.6 and 20 <Npe 0 <100, and in agreement with Fig. 4,

we have

NNu = 0.25Nic O~* (7.10)
(7.10)

In this case, and taking account of the relation (7.10), the general

equation of the convective heat-exchange in a "gas-mixture" becomes

NN 029NO"J 0 59 ON.43 ( NPr 2 lO
N1 APr1 (7.11) (7.11)

These relations will be improved and polished off in further investigations.

(Received May 18, 1957)
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