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1. BACKGROUND OF AGGLOMERATING FLUIDIZED BEDS

The past twenty years has seen an emer-
gence of at least two new technologies for agglomerating
materials in fluidized beds. In one species of agglom-
erating bed, the solid product is in form of dense, spher-
ical pellets or beads. In another, the solid product
consists of a loose, friable agglomerate of relatively
high porosity. The two types of beds will first be ill-
ustrated by examples, and later the principles of their
operation will be considered in greater detail.

1.1 Fuller's Process for Cement

Fuller Company has piloted an agglomer-—
ating bed for the manufacture of cement (Kramer, 1961;
Sadler, 1967; Pyzel, 1957, 1959, 196la, 1961b). The
cement product is in the form of "beads", that is to say
nearly spherical, dense, nonporous particles which bear
little physical resemblance to the usual cement klinker.
A carefully sized bed of ordinary clinker is used in the
startup of Fuller's process, but the bed quickly becomes
altered to the bead form, as the original startup mater—
ial is gradually discharged along with product.

? Beat for the process is supplied by com-
bustion of fuel oil with air and the heat requirements
and fluidization velocity determine the size of the bed.
0il is fed to the bed at four points only and, during
operatlon of the pilot unit, the combustion of the oil
often momentar:.ly took place in the freeboard above the
bed. Thi's caused no serious trouble in the pilot unit
but more o0il inlets would probably be furnished in a
commercial plant.

Raw materials for cement are clay, lime-
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stone and sometimes a little iron ore. These raw mater-
ials, in any cement process, must be finely ground to
promote their intimate mutual contact during the react-
ions which yield cement.

In Fuller's process, the raw materials
are introduced via a central 4-inch pipe into the bottom
of the fluidized bed. The bed, within a few hours after
startup, comprises beads of the cement product. In the
bed, the raw materials are heated almost instantaneously
to the temperature of the bed, and quickly react to make
new cement. This adheres to the beads of cement made
earlier, which accordingly grow in size. Product is con-
tinuously discharged by overflow, is screened and under-
sized material is returned to the bed.

The basis of the process is the fact
that intermediate products formed by the reacting solid
materials are molten. Blanks and Kennedy (1955) state
that a liquid phase begns to form, in a conventional
cement-making rotary kiln, as the raw solids pass the
point at which the femperatu.re is about 2300°F. A com-
mon problem in operating a cement kiln is that of pre-
venting a ring of material from accumulating at this
point and blocking the kiln. In Fuller's process, which
operates a little below 2400°F, the raw materials appar-
ently form a melt, which produces smears of liquid upon
beads, which happen to be in the vicinity of the inlet
for the raw solids. The smears quickly react to form
dry cement product. The net effect 1is that these
beads grow a little in size. Because of the good mixing
of solids in the fluidized bed, the rate of growth of
beads, throughout the bed, is substantially uniform when
the rate is viewed over several minutes of time.

In effect, the fluidized bed of cement
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beads acts as a "dust trap" for the cement raw materials,
the effectiveness of the trap arising from the fact that
the raw materials pass through a molten phase on their
way to cement. Carryover of solids from the bed is re-
markably small, amounting to only a few percent of daily
production (Kramer, 1961), Furthermore, much of the
carryover is large in size and is a result of geysering
caused by the aforementioned occasional buring of oil at
the surface of the bed. Carryover almost vanishes if the
0il is turned off and there is no evidence that much
attrition of the cement beads occurs. Carryover that is
small in particle size typically comprises tiny spherical
matter of about 2 to 5 microns, and it is significant
that this matgrial is cement and not particles of cal-
cined raw solids. Indeed, 2 remarkable feature of the
product of Fuller's process is the complete absence of
free lime. Carryover is returned to the bed as seed for
growth of new beads.

It should be remarked that Fuller Company
has not been successful in marketing its new cement pro-
cess. This circumstance does not appear to result from
a fault of the agglomerating fluidized bed, which is said
to have operated smoothly during extensive pilot tests.
The principal problems, during the development, involved
the metallurgy of heat-exchange tubes transferring heat
from flue gas to incoming air. It would appear that the
main difficulty in marketing the process has been an un-
duly large fuel requirement. During Fuller's development,
significant improvements were made in the fuel economy of the
conventional kiln system for cement.

1.2 The Ignifluid Boiler
A second type of agglomerating bed pro-

duces a loose, friable agglomerate. Godel (1958, 1966)
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exploits the second type in his Ignifluid boiler, now
marketed by Babcock-Atlantique of France (Cosar, 1969).
This boiler is now operating at the 25-megawatt scale.

A fluidized bed, comprising mainly coke,
sits upon a travelling grate. The bed is at about 2300°F,
and coal fed to the bed at -3/4 inch is quickly devolatil-
ized to form particles of coke. The bed is fluidized
with air at about 40 ft/sec, the air rate being approx-
imately 60% of the stoichiometric quantity required for
complete combustion of the coal. The coke is gasified
to yield a fuel gas resembling producer gas, probably
having a heating value between about 80 and 100 Btu/SCF.
Normally no steam is added, and so the bed must lose an
appreciable amount of heat by radiation from its upper
surface to the tubes in the upper part of the boiler. The
gas is burned above the fluidized bed by injecting sec-
ondary air.

Godel made the remarkable and important
discovery that ash-matter of substantially all coals is
self-adnering at a temperature above about 2000°F.
More than 18 coals of a wide range of types have been ex-
amined (Godel, 1968). In the Ignifluid boiler the fluid-
ized bed is rich in carbon and lean in ash matter. As a
coke particle is gasified ash is released, ash sticks to
ash and not to coal, and ash agglomerates form. These

- sink to the grate, are captured by a "sticky" pad of ash,
and are carried to an ash pit. For most coals, substan-
tially complete carbon burnup is achieved simply by re-
turning the particles carried out of the boiler to the
fluidized bed. Such particles are relatively coarse and
are easy to collect.

The upper regions of an Ignifluid boiler
are reported to resemble a gas-fired boiler (Demmy, 1971),
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free of the deposits so characteristic of the combustion
zone of a conventional pulverized-fuel furnace.

A detailed analysis, of the formation of
ash agglomerates in the Ignifluid boiler, has been pre-
sented by Yerushalmi (1975).

In summary, the agglomeration and growth
of ash particles in the Ignifluid boiler is the result of
softening of the glassy portion of the ash, to form a
sticky viscous fluid that is self-adhering.

1.3 Other Agglomerating Beds

Ash agglomerates produced in experiments
in coal combustion at Battelle lemorial Institute (Goldberger
1967; Stephens and Goléberger, 1965) were dense beads
similar to those produced by the Fuller Cement Process.

Ash agglomerates procduced in a
coal gasification pilot plant at Centre d'Etudes et
Recherches des Charbonnages de France (Jequier, Longcham-
bon and Van de Putte, 1960) would appear to represent
matter which began as a loose agglomerate of the general
type made by Godel. Godel's agglomerates sink rapidly to
his traveling grate and are carried away from the fluid-
ized bed. In The Battelle and CHERCHAR arrangements, the
agglomerates themselves are fluidized for an appreciable
length of time at temperatures such that further sinter-
ing and melting, or consolidation occurs, so that a denser

ash particle results.

1.4 Applications of Agglomerating Beds Forming
Beads

For nearly 25 years, Door-Oliver has cal-
cined finely divided CaCOg to produce pellets of lime.
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.The CaLCO3 arises either from causticizing green liquor
from paper-making, or from water treatment. Dorr-Oliver
also roasts sulfide ore concentrates in agglomerating beds,
and burns paper industry waste liquor in the presence of
‘502 to produce pellets containing Na.zco3 and Nazso4 (Ange-
vine, 1971).

An application has been studied on the
bench scale at Battelle Memorial Institute (Langston and
Stephens, 1960; Stephens, Coffer and Langston, 1962).
Pulverulent iron oxide, smaller than -325 mesh, was in-
jected into a bed of iron shot, suitably about 1/8 inch
in diameter, fluidized by hydrogen at a temperature great-
er than about 1.40001? and at velocities as high as 35 ft/sec.
The iron oxide was reduced and the resulting tiny parti-
cles of iron were captured by the shot. Iron is not norm-
ally regarded as "sticky" at temperatures in the vicinity
of 1400°F, but the ITresh iron particles evidently "plate
out" upon the iron shot by a mechanism which might be
termed "contact welding".
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1.5 Difficulties with Defluidization in Two Developments

The effort to develop fluidized-bed reactors
for Fischer-Tropsch systhesis in 1946 ran into difficult-
ies, due to bed defluidization problems which apparently
arose from a tendency of the particles to agglomerate. The
particles were small in size, usually smaller than =20 mesh,
and with an appreciable content of material smaller than
-325 mesh.

when iron oxide powder was reduced with hydro-
gen, at about 15 atmosphere to provide catalyst for such
reactors, it was found that many iron powders could not be
fluidized with hkydrogen at temperatures even as low as
700°F. Out of this effort came Hydrocarbon Research, Inc.'s
wy_Iron" Process (Squires and Johnson, 1957; Squires, 1968a;
Squires 1969c), in which iron ore is reduced by hydrogen at
aboui 35 atm and 900°F.

work on the "H-Iron" development revealed that
larger particle size, lower temperature, higher velocity
and higher gangue content tended to favor stable fluidiza-
tion. The impression was gained that a sharp boundary ex-
ists in the space defined by these variables between a re-
gion in which stable fluidization can ve reliably achieved
and a region in which stable fluidization cannot cccur.

For example, if a given powdered iron is fluid-
ized at a certain temperature and the velocity is reduced,
often a velocity is reached at which the bed "drops dead",
as shown in Figure I, although this velocity may be well
above the theoretical minimum for fluidization of the pow-
der. If the velocity is raised again, the bed recovers
provided it has not been allowed to remain too long in the
slumped condition. The velocity marking the boundary be-
tween stable fluidization and the slumped condition appears
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precise for a given powder and a given temperature. When
the bed is in the slumped condition, the gas tends to pass
upward through the bed in well-defined chimneys, termed
"pat-holes" at Hydrocarbon Research.

similarly, if the velocity is held constant
and the temperature raised, the temperature at which the
bed slumps is also remarkably precise. A lowering of temp-
erature serves to restore the bed to the fluidized condi-
tion if it has not been held at a higher temperature too
long, or if the higher temperature has not been too hot.

Although the experiment could not be performed,
it seems probable that a slumped bed could be restored if
it were possible to cause a small increase in average par-
ticle size or gangue content.

The iron powder produced in the H-Iron Pro-
cess is an active iron of high internal surface area and
porosity. The tendency of the bed material to agglomer-
ate was overcome by reducing the temperature and then in-
creasing the yield by increasing the pressure. Hydrocar-
bon Research, Inc. is reported to have conducted fluidi-
zation experiments with spherical copper shot where this
material displayed similar behavior to that just described
for the active iron being reduced. Defluidization temp=-
erature for copper shot were said to be lower even than
for iron.

In first astempts at Hydrocarbon Research to
gasify anthracite "silt", the fine wastes from anthracite
mining and cleaning, clinkers formed under circumstances
which strongly implied defluidization behavior similar to
that seen earlier with iron. A clinker was loosely sin-
tered on the outside, but showed signs of having reached
progressively higher temperature toward the middle, which
was often semi-fused, indicating that a temperature had
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been reached well over 2,850°F, the softening temperature
of the ash of the anthracite silt undergoing gasification.
The clinker had formed in a fluidized bed operating at a
temperature below 1,700°F. It appeared that initially a
portion of the bed had defluidized and that oxygen had
subsequently diffused into the region of slumped powder.

Fluidization studies were undertaken on the
ash and the studies gave data which tended to confirm this
inference. As in the case of the iron powder and the copper
shot, a sharp boundary between a region of active fluidi-
zation and a slumped condition was observea (see Figure I).
The boundary was at lower velocities at higher levels of
carbon upon the ash. It should be noted that the tempera-
tures of the experiments were below 2,000°F, although the
initial deformation temperature of the ash was 2,650°F.

Raising the velocity was recognized as a cure
to the clinkering problem. This was done and successful
gasification trials were conducted in a large pilot unit
(Squires, 1961).

1.6 Agglomeration in the Ignifluid Boiler

The Hydrocarbon Research experience sheds light
upon the coal-ash agglomerating phenomenon discovered and
exploited by Godel in the Ignifluid boiler. The bed in
this boiler compri ses primarily relatively large particles
of coke, since the fluidizing-gas velocity of 10 ft/sec is
too high for small particles to remain very long in the bed.
we can speculate that the carbon in recycled fines must be
consumed only affer the fines have made several quick trips
through the bed. Ash matter nevertheless, finds other ash
matter to become bonded together by forces which probably
arise from chemical phenomena similar to those which caused
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‘—che defluidization in the Hydrocarbon Research experi-
ments. The temperature in the Ignifluid boiler's bed is
generally about 100°F to 200°F above the temperatures
_vhich caused defluidization of anthracite ash in the ex-
periments, and so the bonding of the Ignifluid ash agglom-
erates is probably much stouter than in the slumped powder
of ash in the Hydrocarbon Research tests. It should per-
haps be emphasized again that the defluidization boundary
could be crossed back and forth many times, either by
lowering and rai‘sing velocity or by lowering and raising
temperature, with the bed recovering fluidity each time
the "active fluidization" region is entered, provided the
bed has not been left in the "dead" _region too long. The
bridges which cause defluidization of a fine ‘powder can
apparently be exceedingly weak.
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2. Potential Applications of Particle Agglomeration
to Coal Technology

Some examples of new applications of the prin~
ciples of particle agglomeration to the design of coal
processing equipment will be discussed below.

2.1 Application of Agglomeration Due to Sintering

vhat are the important lessons to be learned
from the previously cited examples of agglomeration due to
sintering? The tendency of coal ash to agglomerate, that
plagued the anthracite gasification development program of
H.R.I., teaches that fluidized beds containing mixtures of
agglomerating (ash) and non-agglomerating (coke) particles
exhibit an unfortunate tendency to slump or defluidize at
high temperature and low velocity. Albert Godel overcame
this dangerous tendency of a fluidized bed to slump simply
by increasing the velocity by an order of magnitude. Not
only did he overcome the defluidization problem, but he
actually exploited the agglomerating properties of the ash
material to devise a simple and essentially fool-proof ash
removal scheme.

) Dent (1958, 1971) reported that a fluidized -
bed gasifier, working at atmospheric pressure and l,920°F,
can yield gas which is substantially at equilibrium for
the steam-carbon reaction. In light of this report, a
fluidized bed broadly of the type developed for the Igni-
fluid boiler would appear to be a strong candidate for use
at elevated pressure to gasify coal char or coal. It would
probably no longer be practicable to discharge ash agglom=-
erates by means of a moving grate, but other means to dis-
charge ash appear feasible for use at high pressure. Gas-
ification could be with oxygen and steam in a system pro-

ducing pipeline gas or industrial gas, or it could be with
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air and steam, to provide a lean fuel gas for generating
power in gas turbines. ’

One of the major questions concerning a gasi-
fier of the above description that cannot be answered at
vthis time, is what concentration of ash matter can an ash
agglomerating fluidized bed tolerate at any particular con-
ditions of temperature and velocity without undergoing the
risk of defluidization? The research in this area was .
aimed at answering the above guestion in a qualitative manner.

Squires (1969a, 1971b) has called attention to
the opportunity to carbonize or hydrocarbonize coal in a
coke-self-agglomerating bed. Finely divided coal would be
supplied to a bed of coke pellets maintained at a tempera-
ture above about 1100°F, to be heated therein and almost
instantaneously decomposed into a gaseous fraction, mainly
methane and hydrogen, and a sticky, semi-fluid residue.

The latter would adhere to a coke pellet, forming a smear.
Further polymerization and coking reactions‘, which occur

in the order of a second (Hiteshue, Friedman and lladden,
1964), would transform the sticky smear into dry coke, while
additional gases evolve.

One application of the coke-self-agglomerating
bed would be production of coke beads low in sulfur simul-
taneously with production of a low-sulfur fuel gas for power
generation (Squires, 1969b; Squires, Graff, and Pell, 1969).

2.2 Rationale of Current Studies

Although exciting commercial applications have
arisen, and suggestive polit studies reported, it is be-
lieved many additional opportunities exist for agglomerating
beds which would perhaps already be under development if
there were more general knowledge of the principles which
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gevern these beds. Little exists yet in the open literature
concerning such principles, and indeed, there is not yet a
general understanding or agreement upon them even among
persons having some experience with agglomerating heds.

This absence may well be due to the fact that at least

three species of agglomerating beds exist as we have seen.
Yet I believe the principles, which underly all agglomerating
technologies, to be essentially the same.

Absence of understanding leads to timidity in
assaying new developments for applications of agglomerating
beds. Even qualitative information, clearly established,
could be of great value at this point in providing the
spark to get several potentially valuable developments in
coal technology underway.

2.3 Subject of Research

This research was limited to agglomerating
beds due to the sintering of the bed material at elevated
temperature. Agglomeration due to the addition of a sticky
substance to a fluidized bed at normal temperature has been
studied by Cankurt (1974, 1975).

2.4 Advantage of Agglomeration in Fluidized Beds

If the developer of a fluidized-bed process
using a fin& powder encounters defluidization difficulties,
let him consider as an alternative the development of an
agglomerating-bed process using a coarse solid fluidized
at a much higher velocity. ’

The agglomerating tendency of iron powder,
which plagued the H-Iron development, was exploited by the
vworkers at Battelle, in their agglomerating bed of iron shot.
The increase in fluidization velocity, and hence in capacity,
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from this change in direction of effort was more than 20-
fold.

The agglomerating tendency of coal ash, which
piagued the anthracite gasification development, was ex-
ploited by Godel, with a nearly 1p-fold increase in fluid-
ization velocity and capacity.

The agglomerating tendency of bituminous coal
undergoing carbonization is a property to exploit rather
than to struggle against, as in prior erfforts to develop
fluidized-bed processes for carbonizing or hyrdocarboniz-
ing coal. An increase in capacity of 10-fold or more can
be expected. )

A catalog of examples would encourage develop-
ment agglomerating bed techrolugies even in absence of
knowledge of the laws. I. view of the experience sketched
above, it appears probable that additional examples would
reinforce the impression that defluidization phenamena
obey precise laws. The examples might dispel timidity in
tackling agglomerating-bed developments even before know-
ledge of the laws become available. In any case, it does
not seem probable that the laws will be perceived until
additional examples are available. Obtaining data for a
number of well-defined systems was therefore the first
major task of the current research.

The hope was that the research would encourage
persons vho contemplate development of an agglomerating-
bed process. Such persons need courage for, even the
initial experiment in such a development, must usually be
conducted on a large and expensive scale.
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3. Sintering

There is no single definition of sintering
that is generally accepted by powder metallurgists. Ilany
define it as migration of holés or lattice vacancies.
Others prefer to describe it as motions of atoms to a
less dense area of the material. Both of these definitions
are essentially correct, depending upon how one wishes to
consider the sintering mechanism. For the purpose of the
current study it is not important to nave a single defini-
tion, but simply to understand the effects on defluidiza-
tion.

Consider two particles in a fluidized bed op-
erating at elevated temperatures, but well below the melt-
ing temperature of the particle material. If these two
particles come in contact with each other they will tend
to join together into a single particle. The driving force
for this will be a decrease in surface area and thus sur-
face energy. Since the bed is fluidized, it is more than
likely that the particles will contact with sufficient kin-
etic energy to break apart and overcome the forces attempt-
ing to bond them together. However, if the temperature of
the bed is raised sufficiently so that the particles com-
ing in contact will bond together overcoming their kinetic
energy, the ved will defluidize. At this temperature of
defluidization the material in the bed has still not reached
its normal melting temperature. The energy needed to over-
come the kinetic energy of the fluidized bed was due to an
increased rate of sintering at the higher temperature.

Consider again the séme two particles. If they
are brought in contact with each other at room temperature,
chances are they will never bond together. This is because,
at room temperature, the rate of sintering is not sufficient
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to allow meterial to migrate to the point of contact and
form a bond. However, at higher temperatures the sinter-
ing rate increases so that these same two particles, wvhen
brought in contact, will tend to form a bond between them
decreasing their surface area. If they remain at this
high temperature they will eventually coalesce into a
single dense particle of spherical shape because 2 sphere
has the smallestsurface energy for 2 given particle vol-
ume. The temperatures and time necessary for this phen-
omenon to occur depends on the particular material being
considered.

The sintering process has been used industri-
ally mainly in the production of strong fabricated mater-
ials from weakly bonded powders. These powders are usual-
ly compacted at room temperature, cold pressed, and then
heated to a temperature high enough to promote sintering
put well pelow the melting point. A4t this temperature,
material begins to migrate toward the particle contact
areas, forming stronger ponds. Eventually this sintering
process begins to decrease the porosity of the compacted
powder, increasing its mechanical strength.

Due to its importance as a manufacturing tech-
nigue, this sintering process has been studied in great
detail. At the present time, however, no complete quanti-
tative theory exists to describe it. Considerable informa-
tion nas been developed with regard to the probable mechn-
anisms by which material is transported during the sinter-
ing process. The importance of looking at sintering here
is that it seems to be the process by which bonds are
formed between particles in fluidized beds at hignh tempera-
tures, causing these beds to defluidize.

The d&riving force for sintering, as was stated

vefore, is a tendency for a powder to decrease its surface
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area and thus its surface energy. The transport of mater-
jal to the bond zones decreasing the surface area may take
place by four generally accepted mechanisms; surface dif-
fusion, volume diffusion, viscous flow and vaporization.

These mechanisms are physically different from one another
but they may all occur simultaneously. In cases vhere more
than one mechanism of material transport occurs, there is

usually a predominant mechanism depending on the nature of

the system and the conditions under which it is sintering.

3.1 Haterial Transport by Diffusion
Sintering by diffusion involves the movement

of atoms from regions of high density to porous sections
of the material with a counter movement of lattice vacan-
cies from high to low vacancy concentration areas. There
are two types of diffusion that may occur; surface dif-
fusion and volume diffusion. The smallest activation
energy required for any of the sintering mechanisms is
that required by surface diffusion, which occurs to some
extent in all sintering processes. Surface diffusion,
however, is only important during the initial stages of
sintering because substantial densification cannot occur
by this mechanism. For materials that sinter by diffusion-
al mechanisms, surface diffusion is of great importance
and is the cause of the initial achesion between parti-
cles. It is then followed by volume diffusion which
causes the densification.

The diffusion mechanism is produced by the
motion of charged atoms or ions from their place in the
lattice structure to an adjacent ppsition, and so forth.
Entire lattice planes do not shift during sintering by
diffusion, which is the main difference between it and
viscous flow sintering or sintering in the presence of a

liquid phase.
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Consider two isolated spherical particles
touching one another. In order to decrease their surface
energy, the two particles have a tendency to coalesce,
forming one larger particle. It has been found that,
when these two particles just tough one another, the con-
centration of vacancies is greater in the region of coﬁ-
tact than throughout the remainder of the particle. This
is because the concentration of lattice vacancies is al-
ways greater under a concave surface than under a convex
one. The two particles touching form a concave surface
at the bond zone. Thus material will begin to migrate
toward the bond zone or, if you wish, lattice vacancies
will begin to migrate from the bond zone.

Diffusional mechanisms of sintering are typ-
ical of crystalline and metallic materials. )

If a diffusional mechanism is causing sinter-
ing, the material will decrease-in size as indicated by
the equation below? The change in length may be measured
using a dilatometer. (The dilatometer is discussed in a
later section.)

.ﬁé_n_ D8 42/5
rJ Kk

n

fractional shrinkage

= diffusional coefficient
= surface tension

= lattice parameter

5P & U th?

= grain raidus
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k = Boltzman constant
T = absolute temperature
t = time of sintering

3.2 Haterial Transport by Viscous Flow

iHlaterial transport by viscous flow is due to
the effect of surface tension. The surface tension var-
ies with the curvature of the surface and causes material
to be transported from convex to concave regions, concave
regions being formed by the contact between particles.

Most polymeric, glassy and non-metallic mat-
erials sinter by a viscous flow mechanism. For the pur-
pose of this report, it will be assumed that sintering in
the presence of a liquid phase is by viscous flow.

Depending upon the radius of curvature and the
durface tension of the material being considered, surface’
forces producing viscous flow can exceed the equivalent
of several thousand pounds of negative hydrcstatic pres-
sure. In materials that tend to creep (i.e., that have
permanent deformation due to loads applied below their
yield stress) equivalent pressures of this magnitude will
generally produce significant viscous flow. The rate of
this viscous flow will be determined by the material's
coefficient of viscosity.

On a microscopic scale, it is generally ac-
cepted that viscous flow occurs due to the movement of
lattice planes, as opposed to the movement of single atoms
during a diffusional mass transfer mechanism. Thus, the
material transported and bond area growth will be much
more rapid if the sintering takes place by viscous flow,
rather than by diffusion. The ability of the material to
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allow movement of complete lattice planes is character-
istic of material that will sinter by viscous flow.

Since the major constituent making up many
coal ashes is a glassy material, it is probable that coal
ash in general will behave in a manner similar to glass
at higher temperatures. In some proposed coal gasifica-
tion operations the final product of the cozl will be a
glassy type slag. Coal ash in these regions will prob-
ably sinter, due .to a viscous flow mechanism. However,
at lower temperatures, since a major part of the ash is
derived from metallic materials, one might expect a dif-
fusional type of coal ash sintering. Hence, two differ-
ent mechanisms might be important in coal ash sintering,
the predominance of one of the mechanisms depending on
the sintering conditions and the ash composition.

If a viscous flow mechanism is causing sin-
tering, the material will form a oond zone at the rate
indicated by the eguation below! In the initial stages
of sintering, the bond area may be estimated using a
dilatometry test.

x2 - als
r 2n
where
X = bond zone radius

particle radius
= surface energy per unit area

coefficient of viscosity

"

a S B
[

= time of sintering
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The self-diffusion in crystalline material is
pelieved to occur through their ability of the individ-
ual atoms to "flow". Although this type of flow is not
the same as in the viscous mechanism, the self-diffusion

coefficient is ) related to the coefficient viscosity:
3
1 = Da”
k?
n
n = coefficient of viscosity
D = diffusional coefficient
a = lattice pdrameter
k = Boltzman constant
T = absolute temperature
3.3 Haterial Transport by Vapor Transfer

The vapor pressure above a concave surface is
lower than that above a plane surface by an amount that is
inversely proportional to its radius of curvature. The
rate at which material is transported by vapor transfer,
evaporation and condensation, is expressed as a function
of the difference of the equilibrium partial pressure above
the surfaces.

Consider two spheres in contact. The equil-
ipbrium partial pressure above the concave neck at the bond-
ing zone, is less than the equilibrium partial pressure
above the convex surface of the sphere. This will cause
material to be transported from the surface of the spnere
to the bonding zone, increasing the stringth and area of

the bond.
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Material transfer by vapor transport is not
considered to be of any significance, except for ultra
fine particle sintering at low temperatures. For parti-
cles larger than one micron, the vapor transport rate
can be considered negligible. Thus, it is likely that
this mechanism plays no part in the agglomeration of coal
ash in a fluid bed. However, if volatile phases are pos-—
sible, intermediaries of the ash material during the com=
pustion or gasification of the coal then vapor transport
may be possible and should be considered.

If a vapor transport mechanism is causing
sintering, the material will form a bond zone at the rate
indicated by the following equation# In the initial stage
of sintering, growth of the bond zone may be estimated
using a dilatometer.

Y - snnsygyznu)* e
T 2. e .
P RT
vhere X = bond zone radius
r = particle radius
1 = molecular weight
Y = surface energy per unit area

R = universal gas constant

=
[}

absolute temperature
= density

vapor pressure above a flat surface

o " ®
[}

= time of sintering
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3.4 Summary of the Sintering Rate Equations # -

Heck Growth

X a té for mass transport by viscous flow

X a tl/3 for mass transport by vapor transport

% a tl/s for mass transport by volume diffusion with
a spherical surface

R a tl/7 for mass transport by surface diffusion

Densification

AL L2 ; 5

i—-at for mass transport by viscous flow without
deformation of the particles

%at for mass transport by viscous flow with de=-
formation of the particles

Z%& ut2/5 for mass transport by volume diffusion with

a curved interparticle grain

3.5 Stages of Sintering
There are three stages of sintering that can be

distinguished during the complete sintering process. These
overlap but may be easily distinguished from one another.
The initial stage is caused by the occurrence of stresses
caused by the contact of particles along a.boundary. These
forces cause the particles to adhere and some early neck
zrowth begins. If only this stage of sintering is reached,
the particles are easily broken apart.
The second stage of sintering consists of densi-

fication in the bond zone area. Material is transported to
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this zone as the area of the bonding increases and the
particle centers begin to move together. At this point,
the particles cannot be easily broken apart at the bound-
ary.

The third and last stage of sintering is that
of continued and complete densification of the two parti-
cles into one.

As we will see later, defluidization is caused
by the adhesion produced between particles during the
initial stage. The 'defluidization of & bed of fluidized
particles will take place when the bonds, caused by sinter-
ing, cannot be broken apart by the kinetic motion of par-
ticles in the bed.

* J, D. Watt, BCURA Industrial Laboratories, Leatherhead,
England, "The Physical and Chemical
Behavior of the Mineral Matter in Coal
Under Conditions Met in Combustion Plant",
(August 1969).

# M. Herman, "An Investigation of the Early Stages of
Sintering", University of Pennsylvania,
Ph.D., 1965,
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4, Behavior of Coal Ash at High Temperatures

It is necessary to know the effects of expo-
sure to high temperatures on coal ashes. This informa-
tion, together with their fluidization characteristics,
will enable us to more clearly understand what is happen-
ing when a bed, made primarily of coal ash, defluidizes.

The important factor to consider when look-
ing at coal ash, is that this mineral matter is not homo-
geneous and depends upon the origin of the coal and the
conditions under which it is combusted. When the ash is
exposed to higher temperatures, the constituents present
will tend to react with one another quite differently
from the way they might behave had the pure material un-
dergone similar treatment.

The original structure of the ash is in the
form of a heterogeneous solid mixture of inorganic ox-
ides and minerals. Uhen this ash is heated it will event-
ually become molten, turning into an almost homogeneous
liquid phase. This takes place continuously although
several physicochemically different processes take place
during this process. The first step in the formation of
the molten ash is the formation of a melt from a binary
mixture of two of the constituents present in the ash.
These binary mixtures, in some cases, will experience
much lower melting temperatures than the individual con-
stituents from which they were formed. It should be re-
membered that the formation of these binary mixtures was
by solid state diffusion, concentration gradient being the
driving force. This initial melting or softening of the
coal ash, may be sufficient to cause ash agglomeration or
defluidization if sufficient sintering can occur. Although
sintering is usually considered a pnysical, as opposed to

physicocnemical mechanism, this melting could cause sin-
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tering to take place by viscous flow in the presence of a
liquid phase.

The lowest temperature at which any of the pro-
ducts of the binary reactions will melt is the eutectic
temperature. Once some melting has occurred, the liquid
phase will act as a medium for further reaction. Iuch
greater reaction rates will -be encountered in the liguid
phase due to the increased rates of diffusion above that
in the solid state.

At slightly higher temperatures the amount of mat-
erial in the liguid phase will increase and the components
still in the solid phase will disappear, leaving a homo-
geneous liguid melt. when this melt is cooled the mater-
ial may remain homogeneous forming a glassy like material,
or the crystals may separate' giving rise to a move heter-
ogeneous material. This will depend upon the heating and
cooling rates encountered. Thus, the viscous nature of
the ash will depend not only on its constituents, but also
on the manner in which they are treated. This is of sig-
nificance because the defluidization experiments that were
conducted used spent ash that was produced by buming coal.
Depending upon the exact process used, the ash used in the
defluidization experiments would be quite different from
the ash produced during combustion or gasification of a
freshly fed coal. This fact aside, it is believed that the
sxperiments conducted tend to show the generally expected
benavior of materials in the region of temperature where
defluidization difficulties may appear. In addition, the
data presented is intended only as an example of this be-
havior and any extrapolation to cther systems should be on
a qualitative basis only.

In addition to reactions that take place at
the individual constituent or eutectic temperature, mix-

tures of solids can often react at temperatures substan-
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tially lower where no portion of the solid can become
molten. The reaction rates, although much less than if
in the liquid phase, may be appreciable. These solid
ohase or solid state reactions occur by the migration of
charged atoms or ions from one particle to another in
contact with it. This reaction continues at the sur-
face of the particles, causing a product layer to form
between them, increasing in thickness as the reaction
proceeds.

The mass transfer mechanism discussed above
is one of solid state mass diffusion. By this same mech -~
anism material may be transported toward a pond zone dur-
ing sintering, causing the bond area to grow and the bond
to become stronger. It seems possible that coal ash ag-
glomeration may occur by different mechanisms depending
on the temperature being considered.

Reactions in the solid state are due to mi-
gration of charged atoms through the material to a point
at which they may react. This migration is due to the
existence of vacancies in the lattice structure of the
reacting material that allow movement of charged atoms
from one position to an adjacent one in the lattice
structure.

It is interesting to stop nere and note the
difference between motion, or migration of atoms by solid
state diffusion, and by viscous flow. In solid state
diffusion, as described above, atoms move from one ad-
jacent position to another. Often, in the sintering
literature, this is discussed as a lattice vacancy mi-
gration from one position to an adjacent one. In viscous
flow, an entire row of atoms mignt shift position in the
lattice so that the vacancy moves from one side to the
other rapidly. iiovement of the entire lattice plane in

the viscous flow mechanism is the key difference between
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the two.

The rate of solid state diffusion is believed
to become appreciable when the temperature is some con-
stant fraction of the melting temperature, usually 0.5
to 0.7. The current study has shown that, while this may
be so, it has no effect on the agglomerative tendencies
of the materials studied. The ninitial stickiness temper-
ature", to be defined in a later section, was not found
to be any specific fraction of the melting temperature.

Reactions of binary mixtures often found in
coal ashes have been studied extensively. It is not the
intent of this section, however, to expand on these
specific reactions. A complete survey has been compiled
by Watt (1969) from which much of the material in this
section was obtained. Watt makes the observation that
these many investigations of solid phase reactions of
mixtures, that are also contained in coal ashes, contri-
bute little to the solution of practical problems of ash
behavior in the plant. In the case of the current study
it should be clearly understood that no attempt should
be made to extend the results to operating equipment
without further testing. The purpose of tnis study is
only to provide a clear and consise work on the current
knowledge of the phenomena of defluidization, including
experimental findings and general background material
:ncluded to aid in more complete understanding of the
phenomena. The usefulness of this work is of a more
qualitative than quantitative nature and no attempt has
been made to extend the results to systems not studied.
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4.1 Determination of Coal Ash Sintering Temperatures

A mechanism for ash agglomeration has been
described by Hervey and iasters (1974). As the coal un-
dergoes gasification, clay materials, quartz and pyrite
grains begin to fuse along microscopic planes within the
coal particles. The molten matter begins to move along
these planes to the surface of the particles where it
forms molten beads. These join with adjacent beads to
form larger beads of molten ash. Molten beads come into
contact as particle collision occurs in the fluidized ved,
causing additional growth and reduction in number. As .
the agglomerates pass through the fluid bed, they con-
tinue to adhere to one another, forming multiglobular ag-
glomerates.

According to the temperature, atmosphere,
time of heating and composition of the coal, the final
products of combustion may pe ash, a sintered or fused
clinker, or a slag (Watt 1969). Since the function of
the plant and removal of ash matter will depend upon the
physical operation and composition of the coal, there is
practical justification for looking into the agglomer-
ating tendencies of ash-like materials.

One of the processes involved in the agglom-
eration and collection of ash in the Ignifluid, is the
physical agglomeration, sintering of particles of miner-
als and oxides at temperatures well below their softening
points. The purpose of studying this phenomenon would e
to predict whether a particular coal ash would tend to
agglomerate under specified conditions in 2 plant. One
of the major problems in plants fired by mechanical stok-
ers has been the adhesion of the ash to the grate. The

ash would melt and stick to the bars and other parts of
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the boiler. This would often lead to complete plant
shutdown for cleaning.

since the sintering of the ash is an essential
part of the process, it would be desirable to develop a
laboratory test that could be related reliably to the ag-
glomerating behavior of the ash under the conditions found
in the plant. A large number of tests to determine the re-

- lative ash fusibility are available. Iost early methods
have used the "Seger cone test" in which a sample of ash
was formed into a pyramid with an acute angle and then
heated under controlled conditions, until the cone under-
went a predetermined change in shape. This test was re-
fined to the U. S. Bureau of lines and later led to the
development of an A.S.T.M. test method (ASTHM~D1857~61T) .

Ash fusion temperatures are not reliable in-
dicators of how a particular ash behaves under boiler con-
ditions. A more reliable test method was necessary to
establish, in advance, the potential ash-fouling tendency
of a given coal. Barnhart and Williams (1956) have devel=-
oped a sintering test that has been used to classify coals,
and to determine their fouling characteristics. This sin-
tering test consists of collecting several ash samples
from the boiler, screening the material and making small
pellets. These pellets are placed in a furnace and neated
to the sintering temperature. After cooling, the sintered
pellets are faced and their compressive strength is relat-
ed to the fouling tendency of the ash.

An improved sintering test, using a dilato-
meter o measure the deformation of the compacted ash pel-
lets as the temperature is increased, is being developed
at the Dabcock and Wilcox Alliance Research Center, Alli-
ance, Ohio (S. Vecci 1973).
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5. EXPERIMENTAL APPARATUS AND HMETHOD

The proposed research plan was to determine
high temperature defluidization limits for several types
of particles. In order to do this it was necessary to
construct equipment that would provide hot fluidizing
gas to the bed.

5.1 Experimental Equipment
Fluidizing gases are heated in one of two

ways. The first involves the use of standard electrical
heating elements, or "glow-bars" (Carborundum Co.). A
current is passed through an arrangement of these bars
and heat may be transferred by radiation from the heated
bars. The fluidizing gases flow through a pipe around
which-these heating elements are placed. By this method
the gases receive the heat indirectly.

Figure II shows the indirectly heated equip-
ment. Air enters the bottom of the furnace and flows
through a packed column used to increase heat transfer,
and then to the fluidized bed. A perforated distributor
plate is used to support the bed and is located well
above the heating furnace. The reason for locating the
bed so far above the furnace is to reduce the effects of
localized hot spots. If the bed were located in the fur-
nace area, it was found that the tube walls around the
bed were much hotter than the fluidizing gas and, there-
fore, melting of the bed material at the wall occurred
well before defluidization caused by the increase in tem-
erature of the fluidizing gases. With the bed out of the
furnace it is found that the walls of the bed are actual-
1y lower in temperature than the bed fluidizing gases.

This equipment is limited in that it

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cannot reach temperatures beyond about 400F, although
it has proved to be very easy to control. The indi-
rectly heated equipment was used for all studies of
polymeric materials at relatively low temperature.

The second method for heating the bed in-
volves direct heating of the gases. A combustible gas,
such as methane, may be mixed with the fluidizing air
and then combusted, raising the temperature of the
gases. The combustion gases can then be used to fluid-
ize the bed. This second method has the advantage of
allowing the type of atmosphere being used to be var-
ied by controlling the air/gas ratio.

Figure III shows the directly heated equip-
ment. Details of the combustion section are shown in
Figure IV. A combustible gas and air are mixed in a
venturi mixer and then fed into the combustion chamber.
There is a solenoid safety valve on the gas inlet line
to close the gas feed if the flame is extinguished. An
excess air line is available to control the type of at-
mosphere desired.

The combustion is initiated by passing a
current through a small coil of wire in the combustion
zone. Gas is allowed to enter through a pilot supply
until the combustion is proceeding normally, at which
time, the solenoid control can be opened. The combus-
tion takes place in a ceramic tube, surrounded by high
temperature insulation. The entire combustion section
is enclosed in stainless steel.

The fluidized bed is supported, using a con-
jcal distributor that was designed to allow the gases to
enter at 120° to the direction of the gases in the bed.
This design eliminated all downflow of fine material
which was found to be a problem with the perforated plate
type distributor.
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A two inch diameter fused quartz tube is
used as the bed wall. This allows for visual observa-
tion of the defluidization. This directly heated reactor
was used for obtaining results for the copper and glass
particles, and for mixtures of glass and silicon carbide.

A third experimental set-up was developed to
allow experiments at even higher temperatures than could
be obtained in the directly heated fluidized bed. It was
also what could be termed a directly heated -bed, except
that the combustion of the methane and air mixture would
occur above the distributor plate and in the fluidized
bed itself. The diameter of the bed was six inches.

Several different distributor types were
evaluated for use with this six inch bed. The major use
of this bed was to perform "shallow bed" work, so that
use of a conical distributor, as in the original direct-
ly fired equipment, would not be possible. In addition,
relatively fine material was to be treated so that a
perforated plate would tend not to Eupport the bed as in
the indirectly heated reactor. It was decided to use,
either a porous disc, or a sintered metal plate.

At first, a sintered plate made of stainless
steel was tried and seemed to perform satisfactorily at
lower temperatures (below 2000°F). But at higher tem-
peratures, it buckled severely and lost porosity. Thus,
the sintered metal plate was found to be unsatisfactory
for use in this work. )

Two types of porous discs were found to be
satisfactory at higher temperatures, although cracking
was observed due to the rapid cycling of temperature during
operation. One of them was a simple filter disc, and the
other was made from material similar to a grinding wheel.
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Specifications of these discs were that the porosity
was to be such that a pressure drop of approximately
one psi would be produced for an ambient flow velocity
of ten feet per second.

The six inch bed was used for all the ex-
perimental work done on coal ashes. The instrumenta-
tion used, for all three experimental units, was ident-
ical. A probe was inserted into the fluidized bed from
above which contained a thermocouple, pressure probe
and locating pin. The purpose of the locating pin was
to leave the temperature and pressure probes located in
the identical spot for each run,

A .type K exposed junction type thermocouple
was used to measure the bed temperature. The pressure
probe, which measured .the pressure drop through the bed,
was made from a standard 1/8 inch'diameter stainless
steel tube. Temperature in the bed, and pressure drop
through the bed, were measured using digital indicators,
and were plotted using a strip-chart recorder.

5.2 Ssample Preparation
Sample materials used in the defluidization

experiments were obtained from many sources and requir-
edwiiarying amounts of preparation before use.

By far, the least preparation was nec-
essary for the polymeric materials. These were avail-
able in an extruded pellet-type form of differing shape
(the shape depending on the die used during the extru-
sion process). The only preparation necessary was to
break apart any attached particles, so that the starter
bed would contain only single particles.

The glass material also required little
preparation. It was obtained pre-sieved to size and
ready to use. Some samples were re-sieved to confirm
the size as a check on the material. All the glass mat-
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erial was obtained as almost true spneres.

The copper particles required substantial
preparation in that it was necessary to sieve the mat-
erial to the sizes desired before any expex;imental
work could be done.

Coal ash samples required the greatest a-
mount of sample preparation. Before the asn sample
could be sieved to the desired size, it was necessary
to remove the moisture from it as the ashes were re-
ceived "wet". The ash material was dried in a vacuum
oven at a temperature of approximately 300°F and a
vacuum ‘of 29 inches of water.. The coal ash remained
in the oven for a period of several hours. After the
ash was dried it could be sieved to the desired sizes.

The preparation of the coal ash proved to
be very time consuming, thus limiting the number of
ashes that could be studied in a reasonable period of

time.

5.3 Determination of Defluidization
Before the initiation of this work there

seemed to be no established method whereby the condi-
tion of the bed, with respect to defluidization, could
be determined without visual observation. As a result
of this study, it has been found that the point of de-
fluidization may be determined by observing both the
temperature in the bed and the pressure drop through the
bed.

When the bed defluidizes the material will
clump together on the gas distributor, blocking the flow
of the fluidizing gas. Since the forces holding the in-
dividual particles together are small, compared to the
pressure forces of the flowing gases, ''rat holes" or
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wchannels" will be blowvn through the bed. The pressure
drop through the bed with rat holes is substantially
less than that of the original fluidized bed. Exami-
nation of beds, after experiments were conducted, clear-
1y showed these channels blown through the bed. Thus,
the bed defluidization is indicated by a sudden decrease
in the pressure drop through the bed, as shown in Fig-
ure V.

In addition, when the material in the bed
defluidizes, it falls down around the thermocouple's
open junction causing an increase in the temperature to
b*& indicated. This increase is usually small,and the
use of it, to determine defluidization, in most cases
seems limited. The relative magnitude of the increase
in temperature, as compared to the pressure drop through
the bed decrease, is illustrated in Figure V.

Visual observation of defluidization was
possible when using the directly heated bed or the high
temperature six inch bed. This visual observation was
not necessary since a test had been established and was
only used to check on the bed activity and reliability
of the instrumentation from time to time.

In all cases the visual observation of de-
fluidization was confirmed using the temperature in the
bed and the pressure drop through the bed.

5.4 Determination of a “Sticky Temperature!

Each of the materials studied was found to
have some temperature limit, at which it became "sticky"
and bezan to self-adhere. The definition established
for this temperature was such that, if a fluidized bed
vas being fluidized at just the minimum fluidization
velocity and its temperature was raised, it would de-
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fluidize when the temperature in the bed was equal to the
nsticky temperature'.

In order to establish some reproducible test
to determine this temperature, the work of Dr. Vecci
(1973) at Babcock and Wilcox was followed. His findings
showed that the "fouling" or wsintering" of coal ashes in
pboilers could be related to ‘their sintering characteris-
tics, established using a dilatometer. (A dilatometer
is a device that simultaneously measures temperature and
thermal expansion or compression of a sample.)

Dilatometry tests were performed on all the
samples for which defluidization data had been obtained.
These tests were performed by an outside laboratory be-
cause of the need for only a limited number of tests and
the high purchase price of a dilatometer{Theta Industries).

The general nature of the dilatometry re-
sults were the same in all cases. As the sample temper-
ature was raised from ambient, it exhibited ... . __
thermal expansion. (The thermal expansion coefflcient
could have been determined using this initial part of
the test). At some higher temperature the sample would
no longer continue to increase in size, the effects of
sintering balancing the effects of thermal expansion.
Then, at some slightly higher temperature, the sample
would begin to rapidly decrease in size due to a greatly
increased rate of sintering, caused by the higher temp-
eratures. The temperature at which the rate of sinter-
ing was found to increase greatly and cause a very rapid
decrease in size of the sample, was found to correspond
closely to the temperature at which a bed, at minimum
fluidization would defluidize.

The sample prepared for the dilatometer was
made to resemble the minimum fluidized state as closely
as possible. The sample vas held under minimum pushrod
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pressure in a cylindrical sleeve with holes drilled to
fac:l:litate gas circulation (normal sample size was %
inch by % inch long). The sample powder normally used
in a dilatometer is cold pressed to hold it in position.
Tt was felt that cold pressing wculd alter the results
and would certainly not represent the condition in the
bed at minimum fluidization.

The samples removed from the dilatometer
appeared much like the samples taken from the beds after
defluidization. The particles were loosely bonded to=-
gether but could be easily broken apart.

5.5 Determination of Minimum Fluidization Velocities

Minimum fluidization velocities for the
particle systems studied were calculated at the initial
stickiness temperature, determined by dilatometry, using
the following equation: **

2

= 150

¢ L
# €me # €mt #

p( ps—p)dp3 (1= epe) Umfdpp 1.75 ijfdpp]
+
3

vhere:
Umf = minimum fluidization velocity
g = acceleration due to gravity
dp = particle diameter

€nf = bed voidage at incipient fluidization

P = density of fluid
p. = density of solid
u = viscosity of fluid
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For several systems at ambient copditicns,
minimum fluidization velocities calculated using this . =~
equation were found to be in agreement with those found

experimentally, by measuring the pressure diup through the
bed as the superficial velocity was increased and decreased:

S ystem

Glass -14+16 U.S. Sieve
Glass -16+18 U.S. Sieve
Polyethylene Beads
Polypropylene Beads

Experimental

2.27 ft/sec
2.16
2.12
2.63

Caloulated

2.53 ft/sec
1.93
2.19
2.786

** J, F. Richardson, "Incipient Fluidization and
Particulate Systems", FLUIDIZATION,

Academic Press, New York(1971).
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5.6 TEMPERATURE PROFILES

(Six inch shallow bed)

Experiments were conducted in order to de-
termine the nature of the temperature profiles in the
six inch shallow bed and how these profiles changed with
time. The solids material used was =-40+50 U.S. sieve
sand, fluidized at slightly more than three times mini-
mum fluidization. The feed to the six inch diameter bed
was 350 cubic centimeters. Horizontal profiles were
measured on the distributor and at. one inch above -it: Ver-—
tical profiles were measured as.a function of time at the
center of the bed.

The horizontal profiles indicated that, at
points far enough above the distributor, the temperature
was almost uniform (: 15°C) across the bed. From the
vertical profiles this minimum height above the distri-
butor appears to be a function of time, decreasing with
time of operation. However, it was found to remain con-
stant at about 0.25 inches after five minutes.

On the distributor the temperature was found
to decrease, as the thermocouple was moved from the cen-
ter of the bed. This was expected since, it was assumed
that large quantities of heat would be lost at the sides
and the thermal mixing advantages of fluid beds would be
minimal in the virtuéllydead corners" of the bed. Slight
variations to these profiles were found when the distri-
butor was changed. This was probably due to possible
non-uniformity of the distributor.

Vertical profiles were taken at several times.
It was found that temperature variations of + 30°C or
more were'experienced vertically through the bed. The
largest gradient occurredat the very bottom of the bed.

P
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The distributor surface was obviously the "coldest"
part of the bed and the large gradient found occurred
the first quarter inch above it. Above this initial
gradient the variation in temperature was found not to
exceed + 10%. Temperature decreased rapidly at heights
just above the bed where little elutriation occurred.
The position of maximum temperature was found to fall
with time. This was due to the fact that, when the bed
was started the flame was aba’e it , and only after the
fluidized particles became hot, due to their passage at
the beds top surface, would the bed become hot enough to
support combustion of the fluidizing gases in the bed.
TFhis lowering of the "combustion" point down through the
bed, is in fact indicated by the change in position of
the maximum temperature.

These temperature measurements vere made us-
ing an exposed junction type thermocoupie. Additional
measurements were made using a shielded thermocouple and
this indicated lower temperatures. Subseguent tests were
made and it became evident that the siiielded thermocouple
would always give lower readings than the exposed junc-
tion type. This result was attributed té the fact that
heat was transmitted through the shield and out of the bved,
the effect being quite evident due to the small height of
the shallow bed, as compared to the diameter of the shield-
ed thermocouple.

It was decided to make all temperature meas-
urements during defluidization at the center of the bed,
since this was found to be the hottest region. 1In addi-
tion, since tnere were no large thermal gradients above
the initial bottom one-quarter inch of the bed, the meas-
urements would be made above this point. For all the de-
fluidization experiments, the exposed junction thermocoup-
le was placed approximately three-eights inch above the
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distributor.
Figures VIa,b andc are typical of the temperature
profiles found for the six inch shallow bed during this

study.
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6. EXPERIMENTAL RESULTS

A primary hope of this work was to demonstrate
that the defluidization of beds of sticky particles is a
well ordered phenomenon obeying precise rules. Many
different particle systems were studied, including
metallic, polymeric and glassy materials, which would
exhibit different mechanisms of sintering, In addition,
defluidization results were obtained for several different
coal ashes. 1In all cases, results were found to conform
with the previously expected behavior shown in figure I,
where as the temperature was increased the fluidization
velocity had to be increased to prevent defluidization
from occuring. ’ ’

The experimental results are illustrated in
figures VII through XXXV. The defluidization results
are presented as an excess velocity necessary to maintain
a fluidized condition at an excess temperature (the excess
velocity is that above the minimum fluidization velocity,
and the excess temperature is that above the "initial
sticky temperature"). The experimental data are given
in each figure along with the line which best fits them.
The data is also presented in tabulated form in appendix
II. The equation of the curves, along with their re-
gression coefficients are given in appendix IV.

Experiments were initiated using several sizes
of copper particles. These particles were chosen be-
cause they would exhibit sintering by a surface or
volume diffusion mechanism. In addition, since the copper
is a "pure'" inorgnic substance, it exhibits a sharp and
predictable melting point. Although pure copper particles
were used, all of the experiments were conducted in an oxidizing
atmosphere. This produced an oxide coating on the particles,
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causing the bonding or sintering to take place between
the oxide coatings rather than between the copper core.
The coating the copper particles received
was believed to be of cupric oxide, which has a
melting point of 1879°F. Since most of the de-
fluidization results obtained were well below this
temperature, it could be assumed that no melting
of the particles, or of their coating, took place.
This was confirmed by visual observation and photo-
micrographs (see section on Agglomerate Examination).
The defluidization limits for the copper
particles are presented in figures VII through IX
and the sintering studies in figure XXXI. The
results of the sintering studies are typical for
a powdered metallic substance, an initial increase
in size due to thermal expansion at low temperatures,
followed by a leveling off as the material begins
to sinter and a reduction in size as the rate of
sintering begins to increase substantially. Since
the "initial sticky temperature! is defined as
the point at which the rate of sintering begins
to increase substantially, for the copper particles
it was the maximum on the thermal expansion curve,
just as the size of the sample began to decrease
rapidly.
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Using -16+20 U.S. Sieve copper powder,
experiments were conducted to determine the effect
of different heating rates on defluidization. Ex-
perimental times ranged from one half hour to eight
hours. There was no apparent effect on the point
of defluidization. In addition, experiments were
made where the bed would be brought to a temperature
about 50°F below that necessary to cause defluiciza-
tion. Even after several hours of operation at
this condition, the bed did not defluidize until
the temperature was increased to that normally
necessary to cause defluidization.

While performing the defluidization
experiments on the copper powder, an interesting
effect wes discovered that might add to the under-
standing of the process discussed where various
metallic oxides were reduced in a fluidized bed.

If the bed were fluidized in an oxidizing atmos-
phere at a temperature well below that necessary
for defluidization, and the atmosphere was then
changed to reducing by greatly increasing the ‘
relative amount of methane gas to air being fed
into the combustion chamber, the bed would de-
fluidize immediately as the oxide coating on the
particles was reduced. In addition, sintering
sintering studies were conducted on this copper
powder under a reducing atmosphere and results
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showed that the "initial sticky temperature" was signifi-
cantly higher than that obtained for the same material under
an oxidizing atmosphere. This was expected since the melt-
ing temperature of the reduced copper was approximately
100°F higher.

It is believed this unpredicted defluidization
was caused by a sudden increase in the particle surface
temperature which was not observed as an overall increase in
temperature of the bed. As the oxide coating on the parti-
cles was reduced, large quantities of heat were.released on
the particle surfaces causing some probable surface melting
and adhesion of the particles. This operation was believed
to occur rapidly enough so that an increase in the overall
bed temperature would not be noticed. It was found that the
agglomerates formed in this way were much more strongly
bonded together than were those produced under a continuous
oxidizing atmosphere experiment.

Experiments were conducted using several different
polymers; polyethylene, polypropylene, lexan and dacron.
All of the materials exhibited 'sintering by viscous flow.
The defluidization results are presented in figures X through
XIV. The effect of increasing bed height is illustrated for
polyethylene beads in figure XXIX. The results of sintering
tests on the polyethylene and polypropylene beads in fig-
ure XXXII.

The sintering test results for the other polymeric
materials were very similar to those obtained for polyeth-
ylene and polypropylene. In most cases they would undergo
a very rapid decrease in size over a narrow temperature
range just at the initial sticky temperature. This made
the determination of Tg much less difficult than it was for
materials that showed little decrease in size (increase in
sintering) over large temperature ranges.

The effect of bed depth on defluidization was ex-
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pected. As the height of material in the bed was increased,
at a constant fluidization velocity, the temperature nec-
essary to defluidize the bed was found to decrease. It is
pbelieved this is due to decreased particle mixing and momen-—
tum, due to an increased tendency to slug in the bed, the
sluggling bed providing much less mixing as the length to
diameter ratio of the bed is increased.

Before experiments were conducted on coal ash, it
was desired to conduct experiments on materials that would
behave in a similar way at lower temperatures. For this
reason silicate glass spheres were used during experiments
conducted in the two inch directly heated bed. The results
of these experiments are presented in figures XV and XVI.
The effect of bed depth on glass defluidization is presented
in figure XXX.

The results of the sintering studies performed on
the glass spheres are given in figure XXXIII. The solid
curves presented represent the general trend of several
thermal expansion tests on each size of glass. Many of the
tests indicated a region in which there was no change in
length over a long temperature range, and then.a sudden de-
crease. It was found that this sudden decrease always oc-
cured at the same temperature for the same size of glass,
the initial stickiness temperature.

The type of result described here, the extended
horizontal maxima, or plateau, is illustrated by the broken
line in figure XXXIII. This phenomena did not affect the
results of the sintering test since the temperature at
which the rate of sintering would greatly increase was the
same in all cases, and a consistant initial stickiness temp-
erature was easily obtained.

Defluidization results were obtained for three
different coal ashes. For each coal ash, four sizes were
studied. Compositions of these coal asnes are presented in
appendix III. The results of this work are presented in figures
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XVII through XXVIII. The results obtained are similar to
those of the materials that had been studied previously.

It is interesting to note the behavior of the
particles of ash supplied by American Electric Power (AEP)
as they underwent defluidization. This ash was produced
in a pulverized ‘fuel fired dry bottom boiler. Microscopic
examination of the particles, before being used for the de-
fluidization experiment, showed them to be made up of many
finer size particles so that the feed material tc the bed
were in fact agglomerates. The bond zones between these
individual fines was easily seen. The particles were ex-
amined again after they were defluidized. At the second
examination it was difficult to see that the original par-
ticles were made from fines. It seemed as though material
had diffused toward the bond zone regions to obscure them,
this diffusion being due to the tendency of the original
particle to decrease its surface area and its porosity.

Two simultaneous sintering operations had obviously oc-
curred. The feed particles had loosely bonded together to
cause the bed to defluidize, and the individual particles
had undergone the final stages of sintering, where voids
were removed between the fines.

The ash supplied by the Institute of Gas Tech-
nology (IGT) was atypical in that it contained close to 15%
carbon. Once the bed reached a temperature of about 1200F,
it was not necessary to supply methane to maintain the
temperature increase. Since the flow rates were predeter-
mined, it was almost impossible to control the temperature
once the carbon started to "burn off".

The third ash used was supplied by Common-
wealth Edison-of Chicago from a pulverized fuel fired dry
bottom boiler. The results for the defluidization tests
on the Commonwealth Edison (CE) Ash were quite good except
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for the smallest size, -40+50 U.S. sieve, illustrated in
Figure XXVIII. A large error in the experimentally de-
termined initial stickiness temperature was evident and
defluidization at incipient fluidization conditions oc—
curred several hundred degrees below Tg. Comparison of Ts'
for all the CE coal ashes showed that, while values in the
range of 1300°F were found for all except for the smallest
size, and were consistent with the defluidization results,
a value of 1939 F was found for the -40+50 U.S. Sieve CE
coal ash. This value is obviously in error and is the
cause of the inconsistency of the data presented in Fig-
ure XXVIII.

Defluidization temperatures for coal ash,
reported here, are well below what those familiar with
coal ash characteristics and softening temperatures would
predict. However, it has been reported (Barnhart and
williams, 1956) that bonds of appreciable strength are
formed between particles of coal ash at temperatures as
low as 1500°F. The results that can be obtained from the
standard A.S.T.M. Ash Fusion Test px‘ovide'littlg informa-
tion useful in predicting the defluidization phenomena.

pefluidization results were also obtained
for mixtures of silicon carbide and glass. The purpose of
these experiments was to study the effect of mixing an
inert material (one that would not defluidize at the temp-
eratures of interest) with one that would exhibit the
characteristic defluidization behavior. The results are
illustrated in figure XXXIV. It was found that, at a
constant velocity, there was no effect on defluidization
temperature when the amount of silicon carbide was varied
from zero to eighty percent by volume, a lthough it did
seem to take longer to defluidize as the amount of sili-
con carbide was increased. This would show that, once a
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certain percentage of the material in the bed would become
wsticky", the bed would eventually defluidize. If a great-
er percentage of the bed material became sticky, it would
still defluidize at the same temperature but perhaps in a
shorter period of time.

In looking at the results it becomes evident
that, as a group, the coal ash defluidization data shows
the greatest disagreement with the experimentally deter-
mined minimum stickiness temperature. This is due to the
way in which the dilatometry tests were conducted and Tg
was determined and was limited to the coal ash results.

Figure XXXV illustrates the typical result ob-
tained for dilatometry tests on the coal ash samples.
There was no initial region where thermal expansion would
take place as was seen with all other materials studied.
The coal ash §amples were quite different from any of the
other materials in that they were initially very porous.
In addition, a weakly bonded ash agglomerate could be
formed by cold pressing the material by hand. For this
reason it is believed that, as the temperature was in-
creased, the sample tended to fill its own voids and de-
crease intra-particle porosity rather than exhibit thermal
expansion. This caused major problems in the determination
of the initial stickiness temperature TS.

In order to remain consistent with the pre-
viously defined test, for the initial stickiness tempera-
ture, the point at which the rate of sintering greatly in-
creases must be found. There was considerable difficulty
in choosing an appropriate Ts for most of the coal ash
material, in that the material exhibited some sintering at
even very low temperatures. :

To stay consistent with the results from the
other materials studied, the value of Ts was taken as in-
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dicated in Figure XXXV, where a "higher'" sintering rate
begins. This difficulty in determining Ts is believed to
be the major source of error for the coal ash results.

It is recommended that considerable addi-
tional work be done on the evaluation of dilitometry for
the determination of ‘I‘s. This would necessitate the pur-
chase of a dilatometer to perform the many experiments
that would be required.

Overall, the results obtained were consist-
ant in that, in order to avoid defluidization, the fluid-
izing velocity had to be increased as the temperature was
increased. (The nature of the agglomeration process is
discussed in the section on High Speed Photography.
Photographs and micrographs of the agglomerates are pre-
sented in the section on Agglomerate Examination).
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7. DEFLUIDIZATION MODEL

A theoretical model, describing the defluidi-
zation phenomena, can only be developed from a thorough
knowledge of all the parameters that influence the deflu-
idization temperature and velocity. The purpose of the
model presented here is only to describe the gross be-

. havior of fluidized beds in the region of agglomeration
and defluidization and to compare the data from the many
systems studied. Development of a model, based on sto=-
castic or probabilistic theory, is beyond the scope of the
present study and would serve no useful purposg for data
comparison.

From previous industrial applications the para-
meters of interest can easily be determined. It was found
that, at a constant velocity, the rate of agglomeration
would increase as the temperature was increased until the
bed would defluidize at the so-called defluidization temp-
erature. The rate of agglomeration increase seemed to be
due to an increasing sintering rate caused by the increased
temperature. The sintering of the bed particles caused
them to behave as if they were coated with a sticky sub-
stance where, as the temperature was increased, the mass of
sticky substance on a particle would also increase.

As the fluidizing velocity was increased, it was
found that the bed had to be brought to higher temperatures
in order to have it defluidize. Increasing the velocity
seemed to be causing greater particle motion and momentum,
thus causing greater collision and breakup of the agglomer-
ates that were forming. Thus it seems that the rate of
particle agglomeration, in a fluidized bed, varies ’
inversely with the momentum of the particles in the bed.

The amount of particle agglomeration that takes
place at a given temperature and velocity, will also depend
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on the amount of surface area available for interparticle

contact. It was reported that smaller particles tended

to show a greater tendency to defluidize than larger ones.
Thus the smaller particles provided a greater total parti-
cle surface area in the bed.

All these effects were again observed in obtain-
ing the defluidization data presented here. The rate of
agglomeration in fluidized beds, due to stickiness caused
by increasing temperature (sintering), has been related to
the above results (Langston & Stephens, 1960):

Stickiness x Surface Area

Agglomeration 194
Rate Iomentum *

Simply stated, the rate of agglomeration in a fluidized
bed is proportional to the stickiness and the total sur-
face area available for contact and inversely proportional
to the particle momentum.

The stickiness, surface area and momentum can be
expressed as numerical values that will be functions of
the predominant variable affecting them and can be related
by suitable mathematical relationships developed from ob-
servations of the defluidization phenomena and the theory
of sintering and fluidized particles. The interpretation
of the various terms of this simple model will produce 2
simplified equation that will describe the defluidization

results already obtained.

PARTICLE MOMENTUM
The presence of this term simply indicates that,
as we increase the particle momentum in the fluidized bed,
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they are less likely to become adhered to oneanother and,
if they become attached and form an agglomerate, are more
likely to collide with other particles and break apart.
It seems probable that the momentum of the particle, also
particle agitation, would increase with increasing fluid-
ization velocity and be proportional to the excess veloc-
ity (i.e., velocity above the minimum fluidization veloc-
ity).

The units of momentum are mass times velocity.
The mass of a particle depends upon its density and vol-
ume. Combining into mathematical terms:

Momentum = Mass X Velocity

_ 3 ~ lm £t
Momentum = a'dp p (U Ung)

Where: U =superficial fluidization velocity (£t/sec)
q.nf=m1nimum fluidization velocity (ft/sec)
ps =particle density (lbm /££3)
dp =particle diameter (ft.)
@ =constant

PARTICLE SURFACE AREA
The surface area of a particle available for con-

tact depends on its diameter:

Surface Area = a"dp2 £t2

where: a" =constant

PARTICLE STICKINESS
The most difficult term to express mathematically

is the stickiness term. However, if we say that almost no
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stickiness is necessary to defluidize a bed at minimum
fluidization conditions, we can assign this point a zero
value and relate the stickiness to the increase of some
property above this point. Since we are interested in
stickiness caused by high or increasing temperature, we
can assign this zero as the "minimum sticky temperature",
Tg» and the amount of stickiness as a function of the ex-
cess temperature, that above the minimum sticky tempera-
ture, T-Tg.

In addition, this term must have units of lbm /
£t sec?2 due to the constraints on the units of particle
momentum and surface area. This term should also have
some relationship to a pressure necessary to initially
hold or push the particles together before they sinter.
The following expression satisfies all the above criteria:

STICKINESS = g, a'" 1S temo.
Tg £t sec

¢ =defluidization temperature (og)

=
%

=initial stickiness temperature (°R)

"=contact pressure term (1bf /£t2)

=constant 3 £t 1b
e (82.2 =262

R o

This result seems obvious since it has already
been established that higher temperatures cause greater
particle stickiness due to an increased rate of sintering,
the only new criterion being that a bed fluidized at the
minimum conditions, will defluidize when the temperature
reaches the minimum sticky temperature.

Substituting all the terms into the original
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equation: -

Agglomeration Rate (X

combining constants and simplifying:

FT-TS]

Agglomeration Rate (} | ga" a™ [ t ] |
@' I-dp Py J lU - Ume

As the bed temperature is increased, or the
fluidization velocity decreased, the agglomeration rate
will increase until defluidization occurs.

A "defluidization index", 7, might be defined
as the product of the last two terms of the above

equation:
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This index is based on the macroscopic properties, or
variables, of defluidization that were measured during
the present experimental program, and, at least,
indicates some of the important parameters to be
considered when dealing with fluidized beds at high
temperatures where substantial agglomeration of the
solids may occur.

Calculated values of the "defluidiza-
tion index" are presented in the following tables.
The data, however, do not indicate that defluidization
occurs at any specific value of the index. Perhaps
the functional forms assumed are incorrect or additional
variables, reflecting differences in the materials
used, must be incorporated in order to formulate an

adequate model.
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SYSTEM 7 x 10° seo™
Copper -16+20 U.S. Sieve 8.53
Copper -20+30 U.S. Sieve 5.43
Copper =-40+50 U.S. Sieve 61.9
Polyethylene Beads 3.42
Polyethylene Balls 4.83
Polypropylene Beads 13.5
Dacron Beads 10.31
Lexan Beads 4,39
Glass -14+16 U.S. Sieve 12.4
Glass -16+18 U.S. Sieve 127.4
Coal Ash (AEP) -16+20 U.S. Sieve 44,6
Coal Ash (AEP) -20+30 U.S. Sieve 212.6
Coal Ash (AEP) -30+40 U.S. Sieve 319.86
Coal Ash (AEP) -40+50 U.S. Sieve 363.7
Coal Ash (IGT) -16+20 U.S. Sieve 90.6
Coal Ash (IGT) -20+30 U.S. Sieve 194.2
Coal Ash (IGT) -30+40 U.S. Sieve 244.1
Coal Ash (IGT) -40+50 U.S. Sieve 199.4
Coal Ash (CE) =-16+20 U.S. Sieve 84.16
Coal Ash (CE) =-20+30 U.S. Sieve 145.19
Coal Ash (CE) =30+40 U.S. Sieve 258.91
Coal Ash (CE) =-40+50 U.S. Sieve 411.16
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8. CONCLUSIONS

The results of this experimental program have
shown that defluidization is a well ordered and repro-
ducible phenomenon which is independent of the means by
which the particle sintering occurs. It seems possible
to extend the results obtained here to other systems of
particles, although only on a qualitative basis, in or-
der to predict their behavior at higher temperatures.

Defluidization has been shown to be a sharp
phenomenon where the bed can be well fluidized one min-
ute and dead the next. As the bed defluidizes, the par-
ticles become loosely stuck together and the fluidizing
gas blows a hole through the mass of particless to escape.
As the hole appears the pressure drop, through the bed,
decreases dramatically. This behavior was used as an
indication of the point of defluidization.

Agglomerate examination indicated that in
general the particles, although stuck together, main-
tained their original shapes after defluidization. This
indicated that neither melting nor substantial softening
had taken place. In general the forces, holding the par-
ticles together, were found to be very weak. Rolling an
agglomerate of copper particles between two fingers re-
sults in large numbers of particles breaking loose and
separating from the parent agglomerate. This accounts
for the ease with which a bed, that has been defluidized,
can be refluidized if the velocity is increased.

The particles in the polymer and glass agglom=-
erates were bonded together more securely than the copper
agglomerates, but could still be readily broken apart by
hand.
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For any bed there is a temperature, Ts' '
defined by the intersection of the high temperature
limit and the minimum fluidization velocity line. The
significance of this temperature is that it is the
maximum value for which the traditionally accepted
minimum fluidization velocity separates non-£luidized
from fluidized beds. For any temperature above Ts' the
minimum fluidization velocity would be the high temper-
ature defluidization limit.

The traditional minimum fluidization velocity
represents a balance of drag, buoyancy and gravity forces
acting on a particle in a large system.of particles.
onee the bed is above the "initial sticky temperature" Ts’
at least two other major forces must be included in this
palance, the kinetic energy forces due to the motion of
the particles and the adhesive forces due to the sinter-
ing phenomenon. Therefore, the new high temperature
limit, or high temperature minimum fluidization velocity
curves represent the balance between drag, buoyancy,
gravity, kinetic energy and sintering.

Analysis of the defluidization phenomenon
by high speed photography showed that, in fact, there
were two competing processes occurring in an agglom-
erating bed. First there was the formation of agglom-
erates of up to several particles, due to sintering
at a temperature just below the defluidization point.
Then these agglomerates collide and are usually

broken apart as long as the bed
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temperature is below the high temperature defluidization
limit. Once the bed is above this limit, the rate of
particle agglomeration greatly exceeds that of break-up
and the bed will defluidize.

It is interesting to note that, since the
initial stickiness temperature will cause defluidization
at the minimum fluidization velocity, it is likely that
for all beds operating above this temperature some par-
ticle agglomeration does occur. This may not be obvious
because the bed may be fluidized at such a high velocity
as to break apart these agglomerates almost as soon as
they are formed. However, if am agglomerating bed oper-
ation is desired, it seems obvious that the process must
be run at a temperature above the minimum sticky temper-
ature TS. Thus, a minimum temperature of operation for
all agglomerating bed processes has been established.
Once a temperature of operation has been chosen, the
amount of particle agglomeration that will occur will
depend on the fluidization velocity. Higher velocities
will produce less agglomeration, while lower velocities
will produce more.

The model that was developed illustrates the
effects of the parameters of fluidization and sintering
on defluidization. It was stated that the raterof ag-
glomeration was proportional to the relative stickiness
or adhesive force of the particles and the total particle
surface area available for contact, and inversely pro-
portional to the particle momentum. The stickiness was
expressed as a function of the excess temperature above
the minimum stickiness temperature, which was assigned
a reference value of zero stickiness. The surface area
available for interparticle contact was simply a function
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of the particle diameter. The particle momentum was
expressed as a function of, the particle diameter, density
and the excess velocity above the minimum fluidization
velocity. It should be remembered that, according to

the two phase theory of fluidization, all gas above that
necessary to produce minimum fluidization will pass through
the bed as bubbles. Since the particle momentum should

be proportional to the amount of bubbling in the bed,

it seems obvious that it should be proportional to the
excess velocity.

It should be remembered that this work was
carried out with particle systems of a narrow size range,
and extension to beds having a large particle size range
is questionable.

For commercial or pilot scale work, ‘the -
question arises as to how to determine the intersection
temperature of the minimum fluidization curve with the
high temperature limit. Two possible methods might be
considered: one using dilatometry, the other using a
small fluidized bed in which several defluidization
experiments are performed to establish the high tempera-
ture defluidization limit. A comparison of these two
methods from data in this work is made in the following
table and in Figure XXXVI. Here Ts is the initial sticky-
ness temperature, from dilatometry, and ‘I‘s' is the inter-
section temperature of the minimum fluidization velocity
and the least squares line through the defluidization
data.

Dilatometry does not appear to be wholly
reliable for this purpose. One reason may be that the
loading of the sample in dilatometry is arbitrary and
does not correspond to the forces present in a fluidized
ped. Ultimately, the testing of materials in a small
fluidized bed may prove to be the more reliable and
convenient method for establishing the start of the high
temperature limit.
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APPENDIX I: FIGURES
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Figure V.

Plot of Bed Pressure Drop and Temperature

vs. Time for a Defluidization Experiment.
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Figure VIc. VERTICAL PROFILES
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Copper Particles

Size: - 16+20 U.S. sieve
L/D = 0.5

_ 0,
T = 2110°R

Umf = 3.93 ft/sec

Temperature Velocity
1800°F 8.1ft/sec
1800 8.1
1760 6.7
1725 5.3
1625 4.5
1805 7.5
1720 4.6
1655 4.0
1845 N 8.9
1880 9.7
1775 7.4
1800 7.2
1810 7.2
1885 10.96
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Copper Particles
Size: = 20+3C U.S. Seive
L/D = 0.5
T, = 2010°R

Umf = 2.20 ft/sec

Temperature Velocity
1785°F 7.03 ft/sec
1755 4.89
1720 3.84
1790 8.93
1700 2,95
1780 9.57
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Copper Particles

Sieve: =~ 40+50 U.S. Sieve
L/D = 0.5

o
T, = 184L°R

Umf = 0.61 ft/sec

Temperature Velocity
1670°F 4.63
1685 5.6
1755 6.98
1700 2,96,
1650 5.1%
1610 2.83
1740 7.95
1800 9.84
1435 3.66
1820 6.1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

Polyethylene Beads
d = 0.244 cm
4
/D = 1.0
o,
Ts = 704°R

Umf = 2.21 ft/sec

Temperature Velocity
245°F 11.56 £t/sec
275 11.63
250 . 7.23
260 15.79
240 5.34
250 9.26
255 11.31
255 12.41
258 14.65
250 5.37

Bed Depth Effect

/D Temperature Velocity
1 250°F 9.26 £t/sec
2 238 9.02
3 230 9.13
1.5 248 9.17
2.5 240 9.32
0.75 255 9.29
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DOLYETHYLENE BALLS

dp = 0.317 em
L/D = 1.0

g = 720 °R

Upe = 3.03 £t/sec

Iemperature Yelocity

270 °F 11.56 £t/sec
270 . T.46

264 5.43

260 4.47

276 13.8

275 11.64

275 10.52

276 9.38
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Polypropylene Beads
qa = 0.302 cm
P

L/D = 1.0
T_ = 749°r
s

Umf = 2.84 ft/sec

Temperature Velocity
350°F 12.54 Ft/sec
285 8.59
310 7.8
290 6.64
310 6.82
300 5.54
320 7.94
320 10.12
330 11.3°
325 12.6
310 6.83
320 6.92
310 7.85
328 12.46
330 13.23
320 10.09
330 10.22
310 8.88
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DACRON
(Polyethylene Terephthalate)
d = 0.1984 cm
P
L/D = 1.0
7_ = 641°R
s

Unf =2.49 ft/sec

Temperature Velocity
220°F 10.56 £t/sec
215 12.59
204 8.48
200 6.68
205 10.41
200 6.29
220 13.08
213 13.12
214 11.69
200 7.64
204 9.55
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LEXAN

da = 0.256 cm

P

L/D = 1.0

o

Ts = 775"R

Umf = 2.96 ft/sec
Temperature Velocity
339°F 12.59 ft/sec
337 8.13
343 14.98
330 10.21
326 5.93
325 4.9
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GLASS

Size: -14+16 U.S. sieve

L/D = 0.5

T = 1670

s

Umf = 2.46 ft/sec
Temperature Velocity
1370°F 7.48 £t/sec
1320 8.86
1420 12.51
1470 14.18
1475 15.9
1390 7.12
1385 5.96
1380 10.41
1425 11.91
1500 17.62
1405 8.84
1425 10.23

BED DEPTH EFFECT

/D Temperature Velocity

0.5 1425°F 11.91 ft/sec
1 1465 11.86

1.5 1450 11.95

2 1415 11.76

0.75 1455 12.02

0.35 1455 11.99

2.25 1400 11.64

1.3 1450 11.92
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GLASS

Size: -16+18 U.S. sieve
L/D = 0.5
T, = 1660°R

Umf = 1.85 f£t/sec

Temperature Velocity
1450°F 5.32 ft/sec
1530 7.43
1550 8.9
1400 4.56
1375 3.95
1380 3.45
1610 9.28

1470 6.41

BED DEPTH EFFECT

/D Temperature Velocity
0.5 1550°F 8.9 ft/sec
1.0 1410 8.07

1.5 1430 8.97

2 1380 8.78

1 1400 8.61

0.75 1430 8.68

0.3 1430 8.73
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COAL ASH (AEP

Size: -16+20 U.S. sieve
L/D = 0.178
T_ = 2066°R

s

Umf = 1.14 ft/sec

Temperature Velocity
2100°F 11.8 ft/sec
1900 8,8
1650 6.36
1945 10.46
1600 6.34
2200 14.56
2000 11.59
1910 8.59
2065 11.44
2200 16.99
1900 10.26
2250 19.15
2260 20.7
2250 19.64
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COAL ASH (AEP)

Size: - 20+30 U.S. Sieve

L/D = 0.178

T_ = 1841°R

s
Unf = 0.6 f£t/sec
Temperature Velocity

1795°F 8 ft/sec
1750 5.1
1970 12.1
1690 3.05
1980 8.22
1780 4.4
2300 7.5
2100 9.28
2025 4.5
2070 3.82
1990 4.88
2070 5.96
2075 6.8%
2125 7.96
1750 7.86
2050 10.91
2050 12.73
2300 10.0
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COAL ASH (AEP)

Size: -30+440 U.S. Sieve
L/D = 0.178

? = 2021°R

)

Umf = 0.3 ft/sec

Temperature Velocity
2050°F 3.41 ft/sec
2175 3.18
1900 2.14
1800 1.36
2075 2.68
1900 1.78
1930 2.16
1970 2.57
2025 3 .00'
2250 . 4.09
2180 4.38
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COAL, ASH (AEP)

Size: =-40+450 U.S. Sieve
/D = 0.178

T_ =2066°R

s

UmE = 0.152 f£t/sec

Temperature Velocity
1950°F 2.55 ft/sec
1890 2.13
1800 1.71
2000 2.97
2030 3.38
2130 3.91
1750 1.33
2135 4.31
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COAL ASH (IGT)

size: -16+20 U.S. sieve
L/D = 0.178
o,
T, = 1823 "R
Umf = 0.725 Ft/sec

Temperature Velocity
2080°F 12.42 ft/sec
1700 . 5.86
1700 7.83
2000 13.37
1650 5.35
1900 14.54
1550 3.6
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COAL ASH (IGT)

Size: - 20 +30 U.S sieve
L/D = 0.178

T = 1841 °R

s

Umf = 0.38 ft/sec

Temperature Velocity
2100°F 9.28 ft/sec
1800°F 3.27
2050°F 6.97
1660°F 3.84
151021' 1.78
1850°F 2.79
2000°F 5.94
2170°F 11.9
1980°F 5.16
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Coal ASH (IGT)

sire: - 30 + 40 U.S. sieve
L/D =0.178
= 1823 °r

s
Umf = 0.2 ft/sec

Temperature Velocity
2100°F 7.11 ft/sec
1750 1.33
1975 5.14
2140 7.3
1700 1.63
2015 5.98
1940 4.35
1945 3.63
1940 2.9
2100 2.11
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COAL ASH (IGT)
Size: - 40450 U.S. sieve
L/D = 0.178
o,

T, = 1895 "R

Umf = 0.041 ft/sec
Temperature Velocity
2125°F 7.34 ft/sec
2110 6.44
2050 5.3
1950 4.37
1965 3.66
1935 2.89
1925 2.16
1925 1.44
2050 | 7.28
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COAL ASH (CE)

Size: -16+20 U.S. Sieve
L/D = 0.178
o
'I.‘s = 1751 "R
Upe = 0.842 ft/sec
Temperature Velccity
2070°F 16.5 ft/sec
1600 8.96
2125 20.14
2000 16.93
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COAL ASH (CE)

Size: -2 + 30 U.S. Sieve

L/D = 0.178

7. = 1751 °R

s

Upe = 0.438 ft/sec

Temperature Velocity

2030°F 13.53 ft/sec
1750 9.61
1300 8.19
1300 6.41
1500 3.55
1500 3.2
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COAL ASH (CE)

Size: 30 + 40 U.S. Sieve

L/D = 0.178
0.
T, = 1841 °R
U, = 0.222 ft/sec
Temgerature Velccitz

. 2000°F 7.43 ft/sec
1920 6.47
1850 5.58
1860 4.9
1650 3.82
1660 3.2
1615 2.51
1550 1.82
2020 7.88
1825 4,41
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COAL ASH (CE)

Size: =40 + 50 U.S. Sieve
L/D = 0.178

O.
TS = 2399°R

Uop = 0.112 ft/sec
Temperature Velocity
1780°F 3.38 ft/sec
1920 4.3
1900 2.85
2000 4.486
1820 3.1
1700 1.95
1830 1.26
1650 1.359
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GLASS - SILICON CARBIDE
MIXTURES

Glass: -16 +18 U.S. Sieve 7
S)’.l:l.::om:T Carbide 2z -14 +24 U.S. Sieve

L/D 0.5
Vol: Gla Temperature Velocity
100 1530 °F 7.43 £1/sec
80 1490 T.43
60 1480 7.12
40 1480 7.24
20 1530 7.37
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APPENDIX TIT

COAL ASH COMPOSITIONS
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APPENDIX IV ': COEFFICIENTS FOR DEFLUIDIZATION CURVES

(U=U,p) = A(T-T)) + B A(F7/SECOF)
B(FT/SEC)
regression
SYSTEM A B coefficient

Copper -16+20 U.S. Sieve 0.03 0.0 0.95
Copper =-20+30 U.S. Sieve 0.07 -9.65 0.91
Copper -40+50 U.S. Sieve 0.0134 0.8681 0.6593
Polyethylene Beads 0.8786 -0.1363 0.9505
Polyethylene Spheres 0.4612 1.295 0.854
Polypropylene Beads 0.176 1.472 0.8242
Dacron 0.27 0.052 ., 0.86
Lexan 0.467 ~2.06 0.886
Glass -14+16 U.S. Sieve 0.06 -3.87 0.84
Glass -16+18 U.S. Sieve 0.03 -2.53 0.98
Coal Asn(AEP) =16+20 U.S. Sieve 0.021 2.96 0.92
Coal Ash(AEP) -20+30 U.S. Sieve 0.007 2.47 0.41
Coal Ash(AEP) -30+40 U.S. Sieve 0.006 -0.362 0.93
Coal Ash(AEP) =-40+50 U.S. Sieve 0.0073 0.065 0.99
Coal Ash(IGT) -16+20 U.S. Sieve 0.0202 -0.50 0.91
Coal Ash(IGT) =-20+30 U.S. Sieve 0.0132 -1.58 0.87
Coal Ash(IGT) -30+40 U.S. Sieve 0.015 -4.89 0.95
Coal Ash (IGT) -40+50 U.S. Sieve 0.025 -9.85 0.92
Coal Ash (CE} -16+20 U.S. Sieve 0.0194 2.0503 0.97
Coal Ash (CE) =-20+30 U.S. Sieve 0.0159 -0.2475 V.87
Coal Ash (CE) -30+40 U.S. Sieve 0.012 -0.3855 0.98
Coal Ash (CE) =-40+50 U.S. Sieve 0.0082 3.8908 0.93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

APPENDIX V. AGGLOHERATE EXAMINATION

The agglomerates that were formed, when the
bed defluidized, vere later removed and examined in the
hope that they would suggest the mechanisms by which the
defluidization took place. Several types of photographs
were made, in addition to the physical examination of the
particles. Some of these photographs were made using a
standard single lens reflex camera with, either a fifty
millimeter macro lens, or a microscope attachment. Other
photographs were made using a scanning electron micrcscope
(SEM). All of the micrographs and SEIN pictures presented
in this section were furnished by the E. I. duPont de
Jemours Co., Inc., Wilmington, Delaware.

Utmost care was necessary in removing the
agglomerates from the reactors. It was found that many
of the agglomerates would fall apart under the smallest
pressure. This suggested that the bonds, between the indi-
vidual particles were very weak, and that true bonding be-
tween particles never took place. This fact alsc suggests
possible industrial application where material could be
removed from a fluidized bed by agglomeration and then
easily broken apart in another bed to be refluidized.

In most cases, the agglomerates examined con-
tained particles that closely resembled the individual
feed particles. Depending upon the mechanism by which the
bond zone between the particles was formed, there would
either ve substantial deformation or none. Crystalline,
or metallic materials were found to form bond zones by
diffusion of material to the zone. This diffusion did
not alter the shape of the original individual particle.

For example, the copper agglomerates were made from in-
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dividual particles that had not appeared to change shape
from before defluidization. Glass and polymeric mater-
jals formed bond zones by a viscous flow mechanism which
tended to alter the original particle shape significant-
ly. The mechanism by which the coal ash particles ag-
glomerated seemed to depend on the defluidization temp-
erature they were subjected to. At lower temperatures,
near the "initial sticky temperature", the ash particles
tend to form bonds by ¢iffusion. AT higher temperature
nowever, viscous flow was evident at temperatures inbe-
tween a combination of these mechanisms cause the parti-
cles to bond.

Superficial examination of these agglomer—
ates indicates that the defluidization phenomenon, caused
by the formation of .bonds, to be a surface phenomenon.
In cases where substantial particle deformation and mat-
erial movement toward the bond zone occurred, it is be-
lieved that most, if not all of the deformation occurred
after defluidization as the bed slowly cooled.

The following are descriptions of the agglom-
erate pictures found at the end of this section. Numbers

correspond to those found below each picture:

1. Copper agglomerate showing several hund-
red indivicdual particles (-18+20 U. S.
sieve size) bonded together. These par-
ticles were easily broken apart by hand.
Due to operation in an oxidizing atmos-
phere, the copper particles had an oxide
coating. The individual particles have
clearly retained their original shape
since the mechanism for sintering, in this

case, was diffusion.
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2, Several copper agglomerates made from
particles, as above, are shown. Again
note the lack of particle deformation.
Agglomerates were found in many shapes
and sizes but no information could be
obtained from these findingsdue to the
fact that, after the bed defluidized,
the fluidizing ges (air) continued to
pass through it and this caused the bed
to break into smaller agglomerates as
it was cooled. lost of the beds that
were removed "whole" showed signs of
"rat holes" or channels being blown

through them.

3. This is a cross sectional view, magni-
fication 100x, showing the bonding
zone of three copper particles. The
dark ring, surrounding the particles,
is an oxide layer caused by operation
in an oxidizing atmosphere. The oxide
coating, bonding the particles, seems
rather porous which could also account

for the weakness of the bonding.

4. similar to above, magnification 200x,
showing bonding zone of two particles.
Mote that no particle deformation ap-
pears to have occurred in the region of
bonding. This is typical wnhen sinter-
ing occurs in metals by diffusional
mechanisms. In addition, there seems

to be no effect of this bonding on the
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majority of the particle other than the
bonding zone. This sintering appears to

be solely a surface phenomenon.

5,6. These cross sections, magnification
125x and 400x, show the bond zone more
clearly. The point of bonding appears
sharp and no material has moved into
voids created. An acute angle is formed
between the two particles. This acute
angle is only formed when there is sin-
tering by a diffusional mechanism. If
the sintering had occurred by viscous
flow, the points of contact would be
rounded and smooth. Note that no dens-
ification nas begun even in the bond zone
area, where a very nigh porosity is ap-

parent.

7. Agglomerates made from -16+20 U. S. sieve
zlass spheres. Concave section in upper
left is part of what was a "plow hole'.
The gzlass agglomerates were found to be
much more strongly bonded than were the
copper agglomerates but could still be
broken apart easily by hand. Particles
that were broken off were found to have
underzone substantial deformation in the

bond zone areas.

3,9,10. Closer examination of the glass
agglomerates shows that the glass appears
to have "flowed" to the bond zones. In
some cases, massive deformation of the
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entire particle is observed. This benav-
ior is evidence of sintering by

viscous flow.

11,12. Scanning electron micrographs, mag-
nification 30x and 50x, show the bond
zone between two glass particles. lote
that the bond zones formed are created by
what appears to be a flow of material be=-
tween the particles and not by actual con-
tact. The points of contact at the bonding
zone are smooth and no acute angle is
formed as was the case with the copper par-
ticles. Although these micrographs show
substantial particle deformation, it is be-
lieved most of the deformation took place
after defluidization as the bed was allowed
to cool slowly.

13,14. Scanning electron micrograpns, mag-=
nification 30x and 50x, show the bond zone
petween two polyethylene spheres. Note the
bond zone formed is similar to the bond
zones formed between the glass particles.
islaterial from each of the spheres nhas ex-
tended from the sphere tovard the other
forming bond. The pond zone seems to be
made up of many fiber tyrve strands. This
may be due to the polymeric nature of the
material. Linear polyethylene has a chain
type structure and these fibers may be due
to chains joining from one particle to

another.
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15,16. Scanning electron micrographs, mag-
nification 10x, showing bonding zone be-
tween two polyethylene beads. These poly-
ethylene beads were found not to deform
significantly due to defluidization, ex-
cept for the rounding of sharp corners.
The second microzrapn shows the bonding
region as two particles are broken apart.
Note the fibers left hanging after the
bond was broken. Bonds between polyethy-
lene particles were-quite strong and could
not easily be broken by hand.

17,18. Agglomerates of extruded polypro-
pylene pellets are shown. These agglom-
erates were fairly easily broken apart oy
hand with moderate pressure. Lo deforma-
tion of the particles was found even though
they originally had sharp corners. Visual
observation showed no deformation even at
these corners. Large agglomerates removed
from the bed, after defluidization, were
found to be quite porous and contain many
"blow holes".

1¢,20,21,22. Coal ash aggzlomerates (-13+20
U. S. sieve, American Electric Power dry
pottom boiler). These ash agglomerates are
extremely easily broken apart, even thouga
in some reg.ons the ash seems to have been
in a molten state. The presence of evidence
of a molten state could have been caused'by

localized not spots after defluidization.
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It is believed that the ash became molten
only after defluidization. This is sup=
ported by the fact that most of the agglom=
erate showed no sign of having passed
through a2 molten state, and the almost
uniform temperature throughout the fluid=-
ized bed just before defluidization.

In the upper right part of picture
19 and lower right part of picture 20,
low holes" were formed through the agglom-
erate. In picture 20, individual jarticles
were broken off just by placing the agglom-
erate down to take this picture.

Picture 21 shows several small agglom-
erates along with the individual particles
that have broken from them. Picture 22
shows three larger agglomerates.

In many cases the entire bed would con-
tain just one very large ash agglomerate
which could not be removed in total, due to
the weak bonds between the individual ash
particles.

23,24. Coal ash agglomerates (=16+20 U. S.
sieve, American Electric Power dry bottom
voiler). These are microscopic photographs
of agglomerates rrom picture 21. It is in-
teresting to note that tne individual par-
ticles of ash appeared to be agglomerates
of much finer size when examined microscop-
ically before defluidization experiments
were made. The bond zones between these

wyltra-fines" that made up sach of the in-
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dividual feed particles were easily seen.
However, after defluidization when the ag-
glomerates were examined, it was not ap-
parent that the original individual par-
ticles were themselves agglomerates. The
bond zones had been smoothed due to mat-
erial flow to it. It appeared as if the
individual particle had undergone densi-
fication due to the high temperatures ex-
perienced during the defluidization exper-
iments. If this is so, then in fact, two
sintering operations were taking place at
the same time: the weak bonding of the
individual feed particles to each other
causing large agglomerates and eventually
defluidization and the densification of
these same individual feed particles into

a solid mass.
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APPENDIX VI. HIGH SPEED PHOTOGRAPHY

High speed photography was used to capture
the motion of the particles as the fluidized bed ap-
proached the high temperature defluidization limit. It
was hoped that, by studying the motion of the individual
particles, greater unaerstanding of the mechanism of
defluidization would be achieved. Time expansions of
almost fifty times were achieved at the highest speeds.
However, due to lighting requirements and aperature open-
ings, the depth of field was severely limited.

The two inch directly heated fluidized bed
was used for this photography work since the pictures
could be taken through the transparent quartz tuobe. The
solid used was a fine copper powder (-40+50 U. S. sieve)
which exhibited aggregative fluidization. The photo-
graphy window was approximately one-half inch square,
with a depth of field slightly less than one-half inch.
It was required to take an abundant amount of film in
order to obtain a single good print, showing particle
motion. The results justify the time and effort spent
in this endeavor. The problem here was that, once the
camera was switched on, it could not be stopped until
all the film was exposed. If this was not timed exactly
to the point of defluidization, 211 that would be obtain-
ed would be shots of single particle movement without any
agglomeration, or a bed that had already defluidized.

At the beginning of the film that was produced
the bed was still well below the nigh temperature limit
for deil .idization and contained only single particles.
Vigorous activity is apparent as particles pass so quickly
that they become a blur, even at the hign camera speed
used. As was mentioned pefore, due to the small depth of
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field, only particles in the very near section of bed
were clearly visible.

As the high temperature limit was approached,
two and three particle agglomerates began to appear
throughout the bed. It is interesting to discuss the
behavior of these agglomerates when they collide with one
another. At this temperature the bed will not defluid-
ize so that larger agglomerates will not be formed (the
larger agglomerates possibly causing defluidization).
When the agglomerates collided, it was found that they
tend to break apart into smaller pieces. Hence, there
seems to be two processes occurring of opposite effect
just below the defluidization temperature: the adhesion
of two single particles to each other, or a two particle
agglomerate to a third particle and thé breakup of the
two and three particle agglomerates as they collide in
the bed. It is evident that, if the fluidization veloci=-
ties were raised, the rate of agglomerate breakup would
be substantially greater than that of formation and a
higher temperature would be necessary to maintain the
same relative number of agglomerates.

As the temperature increased, the average
size of agglomerates in the bed was found to increase as
the rate of agglomerate formation began to greatly in-
crease relative to their breakup. This is believed due
to an increased rate of rarticle sintering at the higher
temperature. However, since the bed was very close to
the point of defluidization, the increase in agglomerate
average size could have been an indication of "incipient
defluidization", rather than just increasing temperature.

Just before the bed defluidized, the activity
of the particles began to decrease. The entire bed seemed
as if it now had to overcome some heavy weight that was
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placed upon it and began to slug violently. The agglom=-
erates started to grow to enormous sizes, containing what
appeared to be several hundred particles. When two of
these large agglomerates collided, many smaller agglom-
erates were created by material being broken off the par-
ent agglomerate. The majority of the particles of each
agglomerate remained intact to form a new agglomerate
much larger than either of the two original ones. As
these agglomerates grew and grew, the behavior of the bed
did not resemble anything like normal.- .

fluidization. It was more like a tube containing
several spheres of about half the tube diameter fluidized
just above the minimum velocity.

The entire bed would then just collapse into
a solid mass for a split second. At %hat point, the fluid-
izing gas would crack through the bed, causing some move-
ment and fluidization of small two and three particle
agglomerates around "blow holes" and "channels" that were
created. These small agglomerates would almost immediate-
1y adhere to the defluidized bed mass.

It should be remembered that the entire pro-
cess described here occurred over only a few seconds of
time, and was observed only with the use of high speed
photography. The temperature differences telow the high
temperature limit, where agzlomeration first begins, were
only a few degrees. There was no evidence of any agglomer-
ation much below this temperature. Film shot just before
the point of defluidization, which was of no use in this
analysis, showed the bed did not contain any agglomerates,
and single particles coming in contact with one another
did not adhere.

It was impossible to obtain any quantitative
data from this high speed photographic analysis for two
reasons. The first was that only a small region of the
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bed could be seen and only the section near the tube wall.
This was due to the very limited depth of field. Parti-
cles toward the center and rear of the bed were not in
focus. In addition, the true speed of the camera was not
known. Due to the short length of each film, and the high
speed used, it was not until almost the end of the film
length that the actual set film speed was reached. Al-
though no quantitative data could be obtained, a good qual-
itative picture of how particles behave in an agglomerating
bed was established.
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