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ABSTRACT

An experimental and theoretical study of the agglomeration
phenomenon which causes destabilization of certain low and high
temperature fluidized beds was performed. A theoretical model
was proposed to determine the conditions under which defluidiza-
tion occurs in fluidized beds in which cohesion forces between
granules arise due to the presence of sticky fluids and/or high
temperatures. Bonding mechanisms between particles such as
solid-liquid bridges, viscoelastic flattening and high tempera-
ture sintering were all considered. The model predicts breakup
of aggregates by bubble motion and was compared to limiting
fluidization-defluidization experiments performed by the author
and others. An experimental method to measure surface softening
of small particles heated to high temperatures was developed
which consisted of using a dilatometer to measure the surface
viscosity of the particles from rate of deformation data.
Experimental methods to determine minimum sintering temperatures
of a variety of granules were also presented. Lastly, experi-
ments were performed to study the dynamic strength of two spheres
coated with 1liquid moving away from one another. It was shown
that the strength of the dynamic bridge was at least one order of
magnitude greater than the corresponding strength of the static
bridge between the two spheres.
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NOMENCIATURE

a - compression distance (see Figure (3.1l), cm

a; - radius of cylindrical plate, m

a, - constant defined in Eq. (3.23)

a* - dimensionless viscosity term

A - Hamaker constant, J

A1 - coefficient in Eq. (3.3), dimensionless

A2 - constant in Eq. (3.8), dimensionless

b - radius of the bonding neck, m

b - sinter neck radius, cm

b2 - constant defined in Eq. (3.23)

Bo - Bond number, defined in Eq. (4.1), dimensionless

c - constant in Eq. (3.5)

Ca - Capillary number, dimensionless

ag - diameter of agglomerate, m

db - diameter of bubble, m

dB - diameter of the bed, m

Dp - particle diameter, m

Ds - sample diameter, m

E - Young's modulus

fc - force due to liquid bridge, N

f - coefficient in Eq. (3.33), dimensionless

f(Sa) - saturation dependent function defined in Eq. (3.6),
dimensionless

f1 - distance between granules, m

FP - total compressive force between two particles, N

Fl’F2 - dimensionless force (at points 1 and 2 in
Figure 4.1)
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FBl,FB2 - buoyancy correction term in Eqs. (4.6) and “.7),

dimensionless

F: - dimensionless capillary force

Fv - van der Waals attraction force, N

Fvis - force due to viscous effects, N

Fw - force due to lower falling sphere, N

g - acceleration due to gravity, m/s2

Ga - Gallileo number (defined in Eq. (3.42))

Gv - maximum force acting on an object in a fluidized bed, N

h - height of a cylindrical plate (agglomerate), m

hw - Lifshitz-van der Waals constant, J

H - interparticle bonding force, N

Ho - initial curvature (AP_/27), defined in Eq. (3.1), em”t

K - constant defined in Eq. (3.36)

K1 - constant defined in Eq. (3.22), dimensionless

kl,k2 - coefficients in Eqs. (3.14) and (3.16)

k3 - coefficient in Eqs. (3.19)

L - load on the sample, (g)

Lb - length of bridge, cm

Lz - dimensionless length of bridge

LO - bed height at rest, m

L0 - initial sample length, m

AL - sample contraction (dilatation), m

£ - height of the agglomerate above the distributor .
plate, m '

20 - initial sample length ,cm

21 - distance between two fixed points in the bed, m

AR - sample contraction (dilatation), cm

m - mass of a sphere
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ny - bubble frequency, s

n - exponent in Eq. (3.36), dimensionless

AP£ - pressure drop between two fixed points in the bed, Pa

q - pressure, Pa

Anax - maximum pressure acting on a cylindrical plate
(agglomerate), Pa

R - sphere radius, cm

Remf - Reynolds number (defined in Eq. (3.43))

R° - minimum radius of bridge at rupture, cm

Sa - saturation, dimensionless

S - dimensionless arc length

t - time, s

T - temperature, °c

T1 - swelling temperature, °c

T2 - sintering temperature of coal, °c

TS - minimum sintering temperature, °c

U - dimensionless sphere profile

u e - minimum fluidization velocity, m/s

Us - limiting velocity, m/s

Us-u.mf - excess velocity, m/s

v - velocify of particle separation, m/s

Vb - bridge volume, uL

V: - dimensionless bridge volume

%) - deflection of a plate

Wy - weight of solid in bed, kg

Wm - weight of moisture in bed, kg

X - dimensionless vertical coordinate, Eq. (4.1)

X - separation distance between two spheres, cm
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Y - dimensionless horizontal coordinate, Eq. (4.1)

Yo - neck radius at center of liquid bridge, cm
Zo - separation distance, nm

Greek Symbols

a - filling angle, degrees

B _ coefficient defined in Eq. (3.32), dimensionless

0 - surface tension, dyne/cm

Tn - coating liquid surface tension, N/m

) - friction angle, degrees

€ - porosity, dimensionless

n - fluid viscosity, poise

g - surface viscosity, poise

6 - contact angle, degrees

§=xs/R - dimensionless separation distance

v - viscosity, poise

v - Poisson ratio

p - fluid density, kg/m3

pg - gas density, kg/m3

P - density of coating liquid, kg/m3

Pe - density of solids in bed, kg/m3

Ap - density,difference between fluid-fluid phase,

(gm/cm™)

L] - angle between liquid-liquid profile and the horizontal,
degreeg

o, - strength of an agglomerate, N/m2

%08 - strength of a wet agglomerate, dimensionless

o - yield strength of the neck between granules, N/m2

ay - yield strength of an agglomerate, N/m2
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T - dimensionless time scale

P - function defined by Eq. (3.21), dimensionless
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CHAPTER 1: EXECUTIVE SUMMARY

This work is concerned with the study of the agglomeration
phenomenon which causes destabilization of certain low and high
temperature fluidized beds. Specifically, if bed temperatures
are high enough surface softening of the granules that comprise
the bed can cause agglomeration or if a coating liquid is in-
jected into the bed, agglomeration will occur. Given certain
physical properties of the granules in a fluidized bed, one would
like to be able to predict what minimum velocity is necessary to
maintain stable fluidization.

A theoretical model is proposed in Section 3.2 to determine
the conditions under which defluidization occurs in fluidized
beds having cohesive forces arising between particles due to the
presence of sticky fluids and/or high temperatures. These condi-
tions define a set of operating parameters such as gas velocity,
particle size, temperature or amount of sticky material in the
bed which will ensure a stable fluidization without posing the
danger of sudden or complete defluidization. Bonding mechanisms
between particles such as solid-liquid bridges, viscoelastic
flattening and high temperature sintering are considered. The
theoretical model predicts breakup of agglomerates in the bed due
to forces generated by bubble motion.

Section 3.3 deals with the experimental verification of the
proposed theoretical model. The limiting fluidization-
defluidization condition for fluidized beds of sticky particles
has been studied experimentally in both low temperature beds in
which defluidization occurs due to the presence of sticky fluids
and in high temperature beds where agglomeration occurs due to
sintering of the granules. The experimental results in this
section as well as others taken from the literature are compared
to predictions of the theoretical model developed in Section 3.2.
For the injection of 1liquid material in the bed, the limiting
velocity, Us necessary to keep the bed fluidized, is seen to be
dependent on the dimensionless amount of liquid added as well as

measurable bed and fluid properties. For agglomeration due to
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temperature effects, the theoretical model requires knowledge of
two fundamental physical quantities, the surface viscosity, Ng»
and the sinter mneck yield strength, O both as functions of
temperature. The yield strength can either be estimated using
adhesion theory or calculated from experimental data as shown in
Section 3.3.

An experimental method to measure the surface viscosity of
small solid particles heated to high temperatures was devised and
is presented in Section 3.4. A dilatometer which allows one to
measure dilatations and contractions is used to measure surface
deformations while the sample is heated at a certain rate and is
simultaneously subjected to a compression force. From compres-
sion versus time data a surface viscosity is obtained.

It has been shown (Siegell, 1976 and Tardos et al., 1984)
that the danger of agglomeration due to high temperature sinter-
ing occurs only after the temperature of the fluid bed is raised
above a certain temperature characteristic of the particular
material. Since the minimum sintering temperature is always less
than the solid’s melting point, an efficient method of measuring
this temperature is very important for all fluidizable granules
subjected to high temperatures. The danger of agglomeration
during fluidizatioa increases tremendously at temperatures higher
than this so-called minimum sintering temperature and, therefore,
special precautions must be taken to avoid defluidization under
these conditions. Section 3.5 describes a set of experimental
methods used to determine the minimum sintering temperature of a
variety of materials. These methods include the use of a
dilatometer in which the contraction-dilation versus temperature
characteristics of a small sample is measured, a differential
scanning calorimeter test and an Instron machine by which yield
strengths are measured. It is clearly shown that for the
majority of materials studied, the different methods give similar
values for the minimum sintering temperature but that the
dilatometer experiment is the simplest as well as the most
reliable.
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The observation that the proposed theoretical model under-
predicted actual experimental data for the case of injection of a
liquid coating into a fluidized bed, resulted in a careful ex-
amination of the strength of wet bonds in fluid beds. In the
model developed in Section 3.2 only the static strength of liquid

bridges (surface tension effects only) was considered. In a
fluidized bed, where particles are in constant motion towards and
away from one another at different velocities, it is expected
that there should be some viscous effects that determine the
strength of liquid bridges. An experimental program was carried
out to study dynamic bridges and to compare them to the behavior
of static bridges; the details are contained in Chapter 4,

While investigating static bridges (Section 4.2) it was
found that under certain conditions the influence of gravity on
the symmetry of the interfacial profile and the strength of the
bridge can be quite significant. A rupture criterion was also
proposed and compared very well with experimental data. Two
types of dynamic bridge strength experiments were performed. One
where a vertical sphere-liquid-sphere system had the bottom
sphere falling due to gravity (Section 4.3.1) and another where
the spheres separated at constant velocity by the use of a gas
actuated piston (Section 4.3.2). A comparison of dynamic and
static bridge strengths shows that the forces due to viscous
dissipation are, on the average, at least one order of magnitude
greater than the force due to surface tension (static bridge
case).

Finally, conclusions and recommendations for future work are

discussed in Chapter 5.
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CHAPTER 2: INTRODUCTION

The formation of coarser granules from finely divided solids
(powders) is generally termed agglomeration. This phenomenon may
occur in a variety of different processes such as tumbling,
fluidization, coagulation, spry drying, etc.. The agglomeration
process may be induced by one or several causes such as pressure
(external or resulting from interparticle impact), crystal-
lization, melting and solidification (due to surface temperature
variation), humidification and drying (due to liquid or moisture
addition or removal), diffusion, etc. The process is very much
dependent on the nature and especially on the size distribution
of the agglomerating powder and the procedure which is used for
agglomeration. Some agglomeration processes are deliberate and

‘create more easily handled solids while others are detrimental

and must therefore be eliminated. For example, agglomeration in
fluidized beds can be a useful means to granulate fine material
or to separate ash in fluidized bed combustors but can also
result in the disturbing effect of defluidizing the bed at high
gas humidity or high temperature.

Since the number of industrial processes in which agglomera-
tion occurs is very large, research in the field is consequently
very broad. The objective of the present study was confined to
the agglomeration occurring in gas-solid fluidized bed systems.
The basic understanding of the agglomeration process in this
system is mnot restrictive in any sense and can include the
characteristics of the agglomeration process in any other system.

The size of a solid particle moving around in a fluidized
bed can decrease by attrition (erosion, or by any fragmenting
effect), can be constant or may increase. Growth of fluidized

particles can occur by one or both of the following mechanisms:

A. capture of relatively small size particles on the
granule’'s surface, thereby resulting in slow, con-
tinuous enlargement without a pronounced alteration of

shape.
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B. clumping together of equal size particles thereby
resulting in conglomerates with different shapes and
much larger sizes than the individual particles.

When the fragmentation effect and the particle growth are in
equilibrium, the size distribution in the fluidized bed remains
constant. In a fluidized bed one or the other effect is
predominant. An agglomerating fluidized bed is defined as one in
which growth exceeds _attrition. The process of particle size
increase described above in A., is called granulation, growth by
layering, snowballing, or coating and is generally a desired
process while the formation of clumps or conglomerates described
in B. is called agglomeration and is usually wundesirable.
Granules resulting by granulation have, generally speaking,
different and more desirable physical and mechanical properties
than agglomerates. These granules can be extracted from the bed
leaving the smaller particles still fluidized while the formation
of clumps and agglomerates causes a bed to defluidize if the
process is carried too far.

Fluidized beds of fine particles are used extensively in the
chemical industry due to such advantages as large contacting area
between gas and solid, excellent heat transfer characteristics,
simplicity of operation and low pressure drop. Stable operation
of such systems is insured as long as the size of the fluidized
particles can be controlled and maintained below a certain level.
The presence of liquids (molten material) and/or high tempera-
tures, in fluidized bed combusters, gasifiers and reactors can
sometimes produce uncontrollable particle growth and subsequent
loss of fluidization. It is important, therefore, to be able to

predict that combination of gas velocity, particle size and
temperature and/or quantity of apgglomerating inducer (liquid) or

molten substance which is safe for stable operation, Since the
only source of particle energy in a fluidized bed comes from the

fluidizing gas ‘stream, a minimum gas velocity is necessary to
keep particles in agitation for a given agglomerating process.
The energy of the fluidizing gas can be imparted to the particles
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through gas jets in or entering the bed or through the mechanism
of bubble formation and rise. In fast and turbulent fluidized,
beds a combination of these effects are present.

The aim of the present research was to predict theoretically
and to check experimentally the minimum gas velocity required to
keep a bed of particles fluidized. Following this reasoning, it
is necessary to be able to predict operating conditions which
will prevent the loss of fluidization at points where potentially
sticky particles are present or where fluids are fed into the
fluidized bed. It is believed that the formation of bonds be-
tween particles due to liquid-solid bridges (at the contact point
of wet particles), viscoelastic flattening (at the contact point
of particles covered with a high viscosity fluid) and softening
or sintering of the particles (in high temperature beds) is
qualitatively similar and requires a certain energy when these
same particles are to be separated. A relatively simple model
based on these premises was developed and was successfully com-
pared to experimental data; the theoretical approach to the
prediction of fluidization velocities in an agglomerating bed was
based on the theory of aggregate break-up due to forces generated
in the bed by the motion of bubbles.

During the present work, an agglomerating fluidized bed was
constructed and operated in the laboratory. A dilatometer was
purchased, modified and interfaced to a minicomputer so that a
physical characterization of the particles used in the fluidized
bed experiments could be obtained. To study the strength of
liquid bridges formed between particles coated with fluids an
experimental apparatus was constructed and measurements were
performed using fluids of varying viscosity and surface tension.
The size of the particles used was also varied.

The results of the research may be of interest in a large
number of specific applications since it focuses on the basic

understanding of the agglomeration phenomenon.
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CHAPTER 3: DESTABILIZATION OF FLUIDIZED BEDS DUE TO
AGGLOMERATION

3.1 BACKGROUND AND LITERATURE REVIEW

The behavior of fluidized beds in which the size and/or the
properties of the fluidized particles change during the process
either due to high temperature or the addition of a solution or a
coating to the bed, has not been extensively reported in the
fluidization literature. Nevertheless, in many industrial ap-
plications, fluidized beds are operated under conditions of
pressure and temperature which result in structural or chemical
changes on the surface of the fluidized particles which can cause
the formation of larger agglomerates from the initial feed.
Furthermore, in fluidized bed processes such as coating, drying,
etc., the formation of larger particles due to agglomeration can
result in uneven, partial or total 1loss of fluidization.
Defluidization may occur even though the bed is operated at gas
velocities much higher than the minimum fluidization conditions
of the initial feed.

Fluidized beds of fine solids are particularly susceptible
to the formation of larger size agglomerates if the feed par-
ticles are potentially "sticky". Commercial fluidized beds tend
to be operated with small size solids because, owing to their
large specific surface area, they allow higher contacting rates;
however, this very property creates problems once stickiness
occurs. Therefore, a calculation of minimum fluidization condi-
tions based on the initial feed particles in an agglomerating
fluidized bed is not very meaningful whereas other "limiting
conditions” on the fluidization velocity such as the bed tempera-
ture or the amount of sticky fluid added to the bed can become
critical. These conditions depend on the initial particle size
and size distribution, gas pressure, bed geometry, gas humidity
or moisture content, particle surface composition, distributor
geometry, and especially the mode of agglomerate formation in the
bed. The effect of these conditions on the behavior of the bed
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is not well understood and has received relatively little atten-
tion in the fluidization literature. The basic knowledge in the
area is so limited that industry relies mostly on empiricism to
avoid defluidization of beds containing sticky particles. Some
of the solutions involve changing the operating conditions in the
bed to avoid stickiness or adding inert materials to reduce the
agglomeration tendency.

A review of fluidized beds operating under agglomerating
conditions was presented by Gluckman et al. (1976), Tardos et al.
(1980, 1981, 1982) and Siegell (1984). These reviews encompass
commercial fluidized beds as well as experimental units and
describe both beds where agglomeration was avoided by changing
the operating conditions as well as beds where agglomeration was
desired and stickiness was advantageously used in the process
under consideration.

Iron ore reducing fluidized beds as described by Squires
(1969), Tomasicchio (1967) and MacMullan and Johnson (1962) are
only one example where a fine powder which is initially fluidized
agglomerates and causes bed collapse to occur at temperatures as
low as 370°C, a value which is much lower than the melting tem-
perature of the bed particles. Even at these low témperatures,
bonds between particles occur due to solid state sintering
(diffusion of solid matter toward the contact area between
particles). Migration of solid material increases at higher
temperatures and higher surface curvature, i.e., smaller particle
size and, therefore, the tendency to form agglomerates also
increases under these conditions. Increasing the gas velocity
results in an increase in the temperature at which agglomeration
occurs due to the fact that the contact time between particles is
smaller than the time necessary for the formation of bonds strong
enough to hold the particles together,

In a more mnovel approach, the reduction of iron ore was
attempted (Langston and Stephens, 1960) in a bed of coarse iron
particles at high gas velocities and high temperatures (700-870°
C). The feed, a fine iron-ore powder, is continuously introduced

onto the coarse particles where the reactions occur and therefore
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these particles grow continuously. The bed discharges coarse
pure iron particles through an orifice near the distributor.
This is the underlying principle governing the operation of
"accreting" fluidized beds. Other examples of this type of
fluidization are the Dorr-Oliver process to calcinate lime
sludges and to roast Katanga ore and the Fuller cement process
(Hovmand, 1978). A similar process of accreting fine ash par-
ticles in large solid agglomerates takes place in the ash
agglomerating fluidized bed gasifiers and combustors described by
Godel and Cosar (1967); Squires (1969), (1972); Yerushalmi et al.
(1975) and Liss (1979).

Although pilot plant and full scale agglomerating fluidized
beds have been operated with various degrees of success, an
adequate theoretical and experimental basis for understanding the
agglomeration process is still not available in the literature.
Rumpf (1962, 1977) and his coworkers (Schubert, 1977; Rumpf et
al. 1976) proposed theoretical models for particle-particle
interactions for both high temperature sintering and low tempera-
ture viscous bonds, but these studies were not specifically
applied to fluidized bed stability. Recently, Ormos and
coworkers (Ormos and Pataki, 1979; Dencs and Ormos, 1978;
Robinson and Waldie (1979) and Smith and Nienow (1981)), proposed
models of agglomeration in low temperature "wet" fluidized beds
but, the results were not expressed in a useful mathematical
form. The work of Tsubaki and Jimbo (1978) and Kousaki et al.
(1979) on dispersion of agglomerates in an air jet is also
relevant, although it does not apply specifically to fluidized
beds.

In order to study the behavior of agglomerating beds,
Gluckman et al. (1976) and Siegell (1976) have conducted bench
scale experiments at elevated temperatures in which the operating
limits of beds of particles that tend to agglomerate by sintering
have been investigated. Defluidization data for a number of
solids including copper shot, glass beads, polymeric beads and
coal ash were obtained. In a typical experiment, the bed was

fluidized at a given velocity, and the temperature was then

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



-10-

increased until defluidization occurred. These investigators
found that for a given solid (particle) there is a certain gas
temperature below which the bed can always be fluidized at the
minimum fluidization wvelocity, LPY Above this threshold tem-
perature, the so-called minimum sintering temperature, Ts’ stable
fluidization requires correspondingly higher velocities. They
also found that at temperatures above TS the point of bed
defluidization may be determined by observing the pressure drop
through the bed. When the bed defluidizes the material clumps
together on the gas distributor blocking the flow of the fluidiz-
ing air. Since the forces holding the individual particles
together are small, compared to the pressure forces of the flow-
ing gas, "rat holes" or "channels" are blown through the bed.
The pressure drop through the bed with "rat holes" is substan-
tially less than that of the original fluidized bed, so that bed
defluidization is indicated by a sudden decrease in the pressure
drop through the bed. It appears from the above results that the
minimum sintering temperature, Ts, is an important characteristic
of the bed particles. Gluckman et al. (1976) and Siegell (1984)
suggested a method to measure this temperature using a
dilatometer. This method was further developed and refined
during the present work (Tardos et al. 1984).

A number of theoretical models of agglomerating fluidized
beds have been proposed, using the method of population balance
techniques as put forward by Sherwin et al. (1967) and Hulbert
and Katz (1964), Levenspiel (1969) and Youngquist (1972). Using
the concept of particle coalescence rather than growth by layer-
ing, Baker and Bergougnou (1974) also developed an agglomeration
model. These and similar models by Harada (1972), Pulvermacher
and Ruckenstein (1978) and Kapur (1978) are very useful to
predict size distributions, feed and production rates once the
predominant mechanisms for particle growth are known and the rate
constants requiréd in the model have been measured in pilot scale
experiments. These models, however, do not allow for the predic-
tion of limiting conditions below which fluidized beds of a given

material become unstable and defluidization may occur.
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3.2 THEORETICAL MODEL

In the present section a theoretical model is proposed for
different fluidized bed and particle characteristics, which
defines the 1limiting conditions beyond which it is not safe to
operate the bed. These conditions define a set of operating
parameters such as gas velocity, particle size, temperature
and/or amount of sticky material in the bed which will ensure a
stable fluidization without posing the danger of sudden or com-
plete defluidization. The purpose of the theoretical model is to
predict the 1limiting gas velocity, Us' (above the minimum
fluidization velocity of the initial feed, umf) which is neces-
sary to break the largest agglomerate in the bed and thereby to
keep a bed of sticky particles continuously fluidized at tempera-
tures exceeding the minimum sintering temperature, TS, and/or if
the bed contains a sticky material such as a liquid binder. An
advanced model of this type should assume that a fluidized bed
can remain in stable fluidization, even though agglomerates form
(the particles in the initial feed stick together), if the ag-
glomerate size does not grow beyond certain limits, and as long
as the dynamics of agglomerate formation and break-up are in
equilibrium, This equilibrium is possible if the bonding forces
which tend to keep the particles together are just balanced by
forces resulting from the motion of the fluidizing gas in the
bed.

In the present work, however, a more simplistic approach is
taken in that it is assumed that under the extreme conditions of
defluidization the largest agglomerate occupies almost the entire
cross-section of the bed and the limiting velocity, Us, is deter-
mined from the forces required to rupture this agglomerate. The
advantage of such an approach is its relative simplicity and its
applicability to relatively small size beds, while its main
disadvantage is that in large beds it is possible and likely that
defluidization will occur before the above mentioned limiting
condition 1is achieved. It is therefore appropriate to use the
results from this analysis as a limiting design criterion; the
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predicted limiting velocity, Us’ should be considered as a lower

bound for the flﬁidizing gas velocity.

Forces on agglomerates in a fluidized bed

The first step in developing the model is to assess the
magnitude of forces acting on an agglomerate in a fluidized bed.
Two types of forces were considered; hydrodynamic forces due to
gas flow in the interstices and shear forces due to bubble motion
in the bed. It was immediately apparent that hydrodynamic forces
caused by the gas flow alone were much smaller than forces
resulting from bubble motion and consequently, the first effect
could be completely neglected when compared to the second.

It is a well known fact that the passage of bubbles in a
fluidized bed near or around submerged objects creates an excess
pressure on these objects. The forces resulting from this excess
pressure are important in applications where heat exchange sur-
faces inside fluidized beds are required. Thus, the literature
concerning the forces on slender axisymmetric bodies held in
position within a fluidized bed is relatively abundant and has
been summarized by Nguyen and Grace (1978) and Livshits et al.
(1978).

If a large aggregate in a fluidized bed is viewed as an
immersed body, it 1is easy to picture how forces due to bubble
motion break up these aggregates. The only difference is that
aggregates, unlike immersed objects such as heat exchange sur-
faces, are not held in position in the bed but will move around
somewhat as bubbles pass through the bed. Unfortunately, the
technical 1literature does not provide information on forces on
immersed objects which are freely buoyant within the fluidized
bed. It will be assumed therefore that the aggregate is kept in
place in the bed and also that the aggregate’s shape is a cir-
cular cylinder with diameter dag and height h (see Figure 3.1).
The advantages of using this assumption are that the mechanics of
the elastic-plastic circular laterally loaded plate (cylinder)
are very well developed (Timoshenko and Godier, 1960; Hopkins and
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Figure 3.l1l. An aggregate situated in a fluidized bed
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Prager, 1953) and that the forces (pressures) on a cylinder in a
fluidized bed have been extensively studied. The disadvantage of
the model is that only an approximate solution is obtained, since
the forces acting on a buoyant body are smaller than those on a
fixed body and, furthermore, the shape of the aggregate is not
necessarily cylindrical.

It is also well known that the vertical force on a submerged
body fluctuates as a function of the position of the bubble. The
maximum force that occurs was correlated with the dimensions of
the axisymmetric body and the characteristics of the fluidized
bed by Livshits et al. (1978) in the form

G - o.1psdag1'5{1.9(dB/L0)1/2[g(Us-umf)£]1/3+Us-umf} (3.1)

where Gv is thé maximum force, Lo is the bed heigﬁt at rest, dB
is the bed diameter, dag is the diameter of the agglomerate, £ is
the height of the cylinder (aggregate) above the distributor
plate and (Us - umf) is the excess velocity above minimum
fluidization. As seen from Eq. (3.1) the maximum force GV’
acting on an aggregate (cylinder) of fixed size, increases as the
cylinder rises in the bed. If one assumes that the force Gv is
uniformly distributed over the aggregate's (cylinder'’s) top or

bottom surface the corresponding pressure can be obtained from

q = AGV/ﬂdagz (3.2)

This pressure will cause failure of the aggregate (cylinder) if
it exceeds the value (Timoshenko and Godier, 1960)
- o_(2h/d_ )2 - (3.3)

y ag’ 1 )

qmax

where ay is the yield strength of the agglomerate (cylinder) and
Ay
the yield criteria used and can be taken approximately as A1 -2

is a coefficient which depends on the boundary conditions and

(Tardos et al., 1981, see Appendix D). Equating equations (3.2)
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and (3.3), using the expression for the vertical force as given
by Eq. (3.1), one obtains a relationship between the excess
velocity, Us - Uoe and the yield strength of the aggregate
(cylinder), ay.

Agglomerate strength calculations

The second step in developing the model is to compute the
strength of an agglomerate %91 which is defined (Rumpf, 1977) to
be the maximum tensile stress, at zero shear under which the
agglomerate will deform indefinitely. This definition is consis-
tent with assuming that the agglomerate is an elastic-plastic
body with a yield strength, ay, equal to 99+

Rumpf (1977) and Schubert (1977) computed the strength of a

wet agglomerate, o in which bonding forces are produced by the

OB’
presence of a liquid, from the following equation:

oop = [(1-€)7,/(eD )1+ Fy(e,5a,0,x,/D) (3.4)

where Dp is the initial particle size, T is the liquid surface
tension, ¢ 1is the porosity, 6 is the wetting angle, X is the
distance between the granules and F is a complicated function of
many variables. At high saturation (Sa = 1) the function F can

be taken approximately as

F; = ¢ cos # (3.5)

where c¢ 1is a constant between 6 and 8. Using experimental and
theoretical data by Capes (1980), Adorjan (1977), Pietsch et al.
(1969) and Newitt and Conway-Jones (1958), Eqs. (3.4) and (3.5)

can be rewritten .in the form
o . = £(Sa) (v /D ) (3.6)
OB e \Tm P :

for 0.35 < €<0.5, ¢ <15° and x /D < 10"2, where £(Sa) is a

function of the saturation value Sa, given by
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A

1l-¢

Sa-—— S
€

= (3.7)
pm B

qus

In Eq. (3.7), Py and p, are the density of the solid and of the
liquid, respectively, Wm is the total weight of liquid (coating)
added to the bed, and WB is the weight of the solid particles.
For relatively small values of the saturation, Sa (Sa =< 0.2), the

function f(Sa) can be assumed to be linear so that (Tardos et

al., 1981)
2p W 7
1-¢ s m'm
%gp =2 (F) T B (3.8)
m B Tp

where A2 is a constant found by a linear regression of available
experimental data to be A2 = 10.2,

The strength of a sintered agglomerate can be computed from
Rumpf’s (1977) equation

Oog = = (H/Dpz) (3.9)

0s
where H is the interparticle bonding force. This force depends
mainly on the contact area between the granules. If it is as-
sumed that the radius of the contact area b is small as compared
to the granule diameter, Dp, it can be shown (Rumpf et al., 1976)
that the radius b for a sintered bond is given by

¥ F_+F
G2 -2 £+ B S52 wmy (3.10)
P P Dp

where Vs is the material’'s surface tension, t is the time of
contact during which compression occurs and Ng is the "viscosity"
of the ‘granule‘'s surface. The forces Fv and Fp are the van der
Waals attraction and the total pressure on the granule during
compression, respectively. Assuming that the bonding force H can

be computed from the equation
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2
H = ab o (3.11)

where o is the yield strength of the neck between the particles
(granules) and that the compression resulting from the action of
the surface tension Vg and the van der Waals force Fv is small
compared to the action of the pressure force Fp (Rump£, 1977),
Eq. (3.9) can be written as

1l-¢ 2
— (Fptas/nst ) (3.12)

U Ny

%58 T

This equation gives the strength of the sintered aggregate as a
function of the surface viscosity N of the particle and the time
t, of compression.

The important feature of Eqs. (3.10) and (3.12) is the fact
that the radius of the flattened surface of the granule, b,
increases with time and is a function of the viscosity, g of
the material. This quantity is clearly temperature dependent and
therefore the strength of a sintered neck, %s is also strongly
temperature dependent. A proper value for the yield strength o
is difficult to pinpoint since it depends on the nature of con-
tact between particles. For very strong sinter necks, it can be
assumed that the strength of the mneck is identical to the
strength of the granular material itself. Some experimental
evidence supporting this assumption was given by Siegell (1976)
and by Rumpf (1977) who showed that when sintered aggregates are
broken the necks do not break, but rather the failure zone enters
the particle to a certain depth. However, for other agglomerates
the yield strength-as may be much weaker and in the limit where
only flattening has occurred, it then may be taken as the van der

Waals attraction between the two surfaces.

Prediction of limiting gas velocities for agglomerating
fluidized beds

The criteria of rupture given in Eqs. (3.2) and (3.3) can
now be easily applied to both situations, that of wet and that of
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sintering beds wusing Eqs. (3.8) and (3.12) which give the ag-
glomerate strength, %99 and Eqs. (3.1) and (3.2) which give the
pressure. The basic assumption made here is that the aggregate
failure will occur at the point where the maximum stress will
equal the aggregate strength, 99" A more advanced theory, but
which will not be attempted here, should also contain considera-
tions regarding the non-homogeneity of the aggregate and the fact
that aggregates can fail at lower stresses than % due to crack
formation and by forces applied on impact.

Simple algebraic manipulations of Egs., (3.1), (3. 2), (3.3)
and (3.8), after taking the size of the aggregate as

h = dag (3.13)
and assuming the worst case in which the agglomerate is situated
on the distributor plate (£=0), yield the expression for the

excess velocity, Us- u o

wA 2 v d 1/2 W
2 ,l-¢ m a m
U -u - — (_.._) e ( ) iy (3.14)
s mf 2k1 € WB B g mep

Here kl - O.IdB/gl/2 is a constant and g is the acceleration of
gravity. Eq. (3.14) can be put into dimensionless form by using
the minimum fluidization velocity of the initial particles u e

given by Kunii and Levenspiel (1969) as

o= b 2 gt (3.15)

where ¢ is the shape factor and pg is the gas density. From Egs.
(3.14) and (3.15) one obtains

U -u 2 p,d, dp 1/2 v

s mf (l-¢) m m

S.om ok e [ ] (3.16)
e 2 777 Wg i -5-—5—5 b - (Dpa st 172

where k2 - 6.751r/k1 and is a numerical constant.
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In calculating the limiting velocity, Us’ one may take the
maximum size of the agglomerate before total defluidization
occurs to be approximately the bed diameter, dag = dB. Thus, Eq.
(3.16) gives the limiting velocity Us for a wet bed as a function
of the dimensionless amount of liquid added to the bed (quantity
in brackets) and a dimensionless constant which incorporates bed
and fluid properties.

In order to obtain the limiting velocity, Us’ for the case
of the sintered agglomerate, one has to combine Egqs. (3.1),
(3.2), (3.3) and (3.12). Before doing so, however, one must
observe the specific way agglomerates are formed and determine
the compression time, t, and the pressure force, Fp, in Eq.
(3.12). Aggregates will form in the fluidized bed during the
time elapsed between two consecutive bubbles which pass through
the same region in the bed. In this region the particles are
compressed under their own weight and, therefore, a conservative
approximation of the pressure force, F_, which causes sinter
bonds to form is the weight of the aggregate itself (see Figure
3.1). The pressure force is then given by:

2
Fp - "dag h(l-e)psg/4 (3.17)

The time of compression, t, is assumed to be the time be--
tween two consecutive bubbles which pass near the same point.
This time can be estimated from the bubble frequency, n, to be
(Kunii and Levenspiel, 1969)

R W
ﬁb I.5(0 -u

(3.18)
mf)

t =
Combining Eqs. (3.12), (3.17) and (3.18), wusing the rupture
criteria given in Eq. (3.3) and the expression for the pressure
in Egqs. (3.1) and (3.2) (for £=0), and Eq. (3.15), the dimension-

less excess velocity (Us-umf)/umf becomes
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7/4., 1/2 1/2
UsVnt - Ll-c _ag % y Pe%s b (3.19)
T 372 175,377 172 :

n B P PNs8

where k3 is a numerical coefficient and db is the bubble
diameter. As in Eq. (3.16) the maximum size of the agglomerate

dag has to be assumed in order to calculate the limiting
velocity, Us’ and can be taken in the extreme case to be dag -
dB‘ As seen in Eq. (3.19) the limiting velocity Us depends on

both bed and particle characteristics as well as on the physical
properties of the neck between granules such as its strength o
and the granule’s surface viscosity g all these quantities are
temperature dependent.

The importance of the equations presented above lies in
their ability to illustrate the important experimental parameters
which have to be known for a given situation in order to be able
to predict the limiting velocity, Us. These parameters are the
surface tension, T of the wetting fluid in a bed containing a
sticky liquid or a coating, the yield strength O and the vis-
cosity ng in a high temperature bed where sintering and/ox
surface deformation are causing particle stickiness. Once these
quantities are known one can show, for example, that the minimum
sintering temperature Ts is the temperature at which the expres-
sion in braces in Eq. (3.19) increases rapidly. At temperatures
higher than T the variation of the limiting velocity, U, as a
function of temperature can be determined using Eq. (3.19).

In order to put the theoretical model in proper perspective,
the main assumptions which were made are summarized below:

a. The aggregate has a cylindrical shape with a diameter

equal to its height

b. The maximum pressure, q arising from bubble motion

max’
is evenly distributed on one side of the aggregate, so

that the yield condition can be written as

Qax = 400A1 (3.20)

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



-21~

where A1 is a function which depends, in a complex way,
on the assumed loading (see Appendix D). In our cal-
culations A1 was assumed to be the average value, A1=2

c. The aggregate strength varies linearly with moisture
content, Sa, over the range from zero to Sa=0.20

d. The wetting angle of the fluid to the solid particles is
very small (8 < 150)

e. The aggregate 1is situated in close proximity to the
distributor plate

f. The size of the aggregate is taken equal to the diameter
of the bed (dag - dB), this being the extreme situation
when the bed is completely defluidized

g. Bonds between granules are formed due to sintering under
the contact pressure force Fp which was taken to be
equal to the weight of the aggregate

h. The contact time between sintering granules is taken to
be the inverse of the bubble frequency

i. The effect of surface tension and of the van der Waals
force on the neck size was neglected

j. Breaking of aggregates occurs at points where the
stresses resulting from bubble motion exceed the ag-

glomerate strength, %

3.3 EXPERIMENTAL VERIFICATION

Introduction and background

Section 3.1 of this thesis has presented a review of
theoretical and some experimental studies of agglomerating
fluidized beds where aggregation of particles is caused by inter-
particle cohesion. In this section a review of some of the more
recent experimental studies in the field as well as some ex-
perimental results obtained by the author are presented together
with a comparison of these findings with the theoretical model.

Basu (1982) and Basu and Sarka (1983) studied agglomeration
of coal-ash in an externally heated fluidized bed. Liquid
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petroleum gas was burned in a fluidized bed of ash particles
between 0.7-1.4 mm in diameter. The fluidizing gas was reduced
slowly until defluidization occurred. The experiments were
repeated at temperatures below and above the minimum sintering
temperature of the ash granules in a manner similar to the ex-
periments performed by Siegell (1976). The minimum sintering
temperature was determined in a separate experiment using a
dilatometer as was proposed earlier by Gluckman et al. (1976).
The experimental defluidization data were correlated by Basu

(1982) by an expression of the form:

U $(T,L4,D)

S

where US is the 1limiting gas velocity which keeps the bed
fluidized at the temperature T, L is the minimum fluidization
velocity without agglomeration at temperature T, L0 is the bed
height, Dp is the particle diameter, ¢ is the bed porosity and P
and pg are the solid and gas density, respectively. The function

¥ was written in the form:
Y = Kl(T-TS)fl(Dp)fZ(LO) (3.22)

where TS is the minimum sintering temperature. The constant K1
was determined from the experiments as the slope of the ex-
perimental  fluidization velocity vs. temperature, but the
functions fl(Dp) and fl(LO) were not calculated.

A more complete review of defluidization data at high tem-
peratures was presented by Liss et al. (1983). These authors,
using experimentél data by Siegell (1976) which appeared recently
in the open literature in Siegell (1984), proposed an expression
to compute the limiting gas velocity at high temperatures which,
for small particle sizes, i.e., low Reynolds numbers, is given by

T-T_ P2

U
s s .
-1 = a, (=) (3.23)
uof 2 TS
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where a, and b2 are constants determined from experiments and Ts
is the minimum sintering temperature. Values for a, and b2 were
determined by curve-fitting, as shown in Figure 3.2.

The drawback of the above equations proposed to compute the
limiting velocity, Us’ is that the function ¥, in equations
(3.21) and (3.22) and the constants a, and b2 in equation (3.23)
must be determined from fluidization experiments. In Section
3.2, a theoretical relationship for the excess gas velocity, US-
u e in a sintering fluidized bed was developed in the form:

i 5/4, 1/2
Us Yng -3.3 1l-¢ dB db pgas }1/2 (3.24)
u T2 3/2 1/2 :

mf € D, ¢p8 " TNy

where, in addition to the notations already used, dB is the bed
diameter, db is the bubble size, oy is the yield strength of the
sinter neck and g is the granule surface viscosity. One has to
note here that, unlike Egs. (3.21-3.23), Eq. (3.24) was deter-
mined from purely theoretical considerations and that the R.H.S.
of Eq. (3.24) does not depend on the temperature difference (T -
Ts)/TS as in Eq. (3.23), but rather depends on two physical
properties, the neck yield strength o and the surface viscosity
g which are both temperature dependent. In fact, for a solid
particle which does not deform appreciably (below the sintering
temperature Ts), the viscosity, Mg approaches infinity and the
limiting velocity becomes US -Uoe At higher temperatures, the
viscosity 1 decreases and the particles stick together forming
agglomerates. Thus, the definition of the minimum sintering
temperature Ts’ as that temperature at which the fluidized
granule surface viscosity suddenly decreases becomes clear.

The advantage of the theoretical expression Eq. (3.24), over
the empirical equations, Eqs. (3.21-3.23), is that the limiting
velocity U, can be determined directly, once the granule
properties o and n, are known or are measured in separate non-
fluidized experiments. A comparison of the results obtained by
Basu (1982) and Liss et al. (1983) and by the present author is
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given below for both low temperature beds as well as high tem-

perature agglomeration.

Apparatus and procedure

A schematic representation of the experimental apparatus is
shown in Figure 3.3. Fluidizing air from either one of two Roots
positive displacement rotary pumps is passed through an Adams
Poro-Stone centrifugal air filter which eliminates oil and water
from the air stream. The compressed air stream is then sent
through a regulator and the total flow rate is measured by a
rotameter. Air temperature and pressure are measured at the
rotameter exit to correct for air density changes. From this
point the air stream can be passed either through heater (1) or
through heater (2), or both. Heater (1) is a Chromalox 30 KW
circulation heater, which can heat 2.5 m3/min of air to a maximum
of 750°C. Heater (2) is a 9 KW packed bed unit designed to heat
air up to 250°C. The air stream exiting the heaters is split and
enters a mixing chamber 20 cm in diameter at two opposite side
openings. Consequently, the flow enters a 15 cm diameter calming
section in which the gas pressure and temperature are measured.
The pressure is measured by a Validyne DP15 pressure transducer
and the reading is displayed on a four channel HP Voltmeter and
printed. Gas temperatures are measured by two K-type ther-
mocouples, one of which is connected to the HP Voltmeter and its
reading 1s printed. The other thermocouple is connected to a
temperature controller, which regulates the heaters and ensures a
set air temperature at the entrance of the fluidized bed. The
air then passes through the distributor plate and enters the bed.

The bed consists of a 15 centimeter diameter "measuring"
section in which an exposed junction thermocouple measures the
bed temperature which is then displayed on the HP Voltmeter and
printed. Above this section a 15 cm diameter, 60 cm long Pyrex
glass tube is mounted which allows for visual observation of the
bed. The bed 1is also equipped with a spray nozzle of the Bete
40° full cone type which is retractable. Spray solution stored
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in a steel tank is metered and is injected through the nozzle
with compressed air. The sprayer is able to inject up to 90
cma/min of spray with an air pressure of up to 300 Kpa.

An additional test section was designed and built to replace
the transparent tube. This section, made of stainless steel, 15
cm in diameter and 25 cm long, is mounted directly above the
distributor plate and is equipped with a Validyne DP1l5 pressure
transducer to measure the pressure drop, AP!’ between two fixed
points in the bed, situated at a given distance 21 apart. The
value, APz, can be used to calculate the average porosity of the

bed at any gas velocity since

AP£
€ =1 - W (3-25)

where Py is the density of the solid particle, pg is the density
of the fluidizing gas, and g is the acceleration due to gravity.
The test section is also equipped with ceramic heating elements
which are regulated to keep the bed wall temperature equal to the
gas temperature and thus minimize horizontal temperature
gradients in the bed.

All temperature, pressure and flow rate readings are also
recorded and displayed on a Digital Equipment Minc II data ac-
quisition system so that defluidization data are readily obtained
directly from the computer. The program that performed the
actual data collection is FBED and is listed in Appendix A.3.

During a typical low temperature (liquid coating) experiment
the total amount of fluid sprayed by the nozzle onto the bed is
metered and pressure drop data at a given gas velocity is re-
corded until defluidization occurs. Defluidization is observed
when the pressure drop through the bed decreases suddenly because
particles are no longer sustained by the gas stream. When the
data were compared with the theoretical predictions, it was
assumed that the coating (high viscosity fluid) was evenly dis-
tributed in the bed. The premise for this assumption was met by
adding the sticky coating over a long period of time to insure
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that a thorough mixing of the particles occurred during the
experiment.

A typical high temperature (sintering) experiment is per-
formed as follows: the air flow is started to fluidize a bed of
particles at approximately 2.5 to 3 times the minimum fluidiza-
tion velocity. The temperature controller is set to the desired
air temperature to be maintained throughout the run, and the
heaters are energized. The system is allowed to reach thermal
equilibrium for about 30 minutes. The experiment is then started
by decreasing the gas velocity in equal increments. The
rotameter reading along with the pressure and temperature at the
rotameter are recorded. The temperature and pressure of the gas
under the distributor plate as well as the temperature and pres-
sure in the bed itself are all displayed and printed. The gas
velocity is decreased in set increments repeatedly until the bed
defluidizes. The gas velocity is further decreased in the fixed
bed state so that six to eight data points can be recorded. The
velocity is then increased in set increments so that the bed is
refluidized. Pressure drop through the bed versus gas velocity
data at a preset gas (bed) temperature are automatically recorded

and stored in the computer.

low temperature (coating) experiment

Some typical results using a coating material (Ace plastic
coating #3100, Ace Glass, Vineland, New Jersey) with a surface
tension of Tp = 0.039 N/m were obtained using TCC (thermal crack-
ing catalyst) beads in the size range from 2-14 mesh. The
material properties of the particles and the gas were: Pg = 1400
Kg/m>, py = 1.2 Kg/m’, p = 1200 kg/m’, dy = .0762m, Wy = 0.4 Kg
and ¢ = 0.4. Using these properties the experimental data could
be correlated as seen in Figure 3.4 by the expression

US -umf 0.098 { wm }
u - 372, 372,172
mE mep dB )

(3.26)
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whereas the theoretical result (Eq. (3.21), in Section 3.2 of
this thesis), assuming that the critical agglomerate size dag -
dB’ yields a coefficient (quantity outside the brackets) of
0.040. Taking into account the large number of assumptions made
in order to obtain the theoretical results, the fit of the ex-
perimental data 1is quite good. The main reason why the theory
underpredicts the wvalue of the gas velocity US is that the ag-
gregate strength is in fact larger than that initially assumed
which takes into account only surface tension. In reality, the
force separating the particles in the agglomerate has to overcome
not only the pressure due to the surface tension but also the
viscous flow of the material around the contact point. This
effect was, not taken into account in the theoretical considera-

tions but is further investigated in Chapter 4.

Defluidization experiments at high temperatures

The sintering experiments were performed using two sizes of
polyethylene particles of diameter Dp = 0.32 cm and Dp = 0.07 cm.
The minimum fluidization velocity, u e at room temperature was
determined from the intersection of two linear least-squares
fitted 1lines corresponding to the pressure drop in the fixed bed
and the fluidized bed region, respectively (see Appendix C). The
experiment was repeated at moderate temperatures between 25°C and
90°C to see if there was any agglomeration effects at tempera-
tures below the observed minimum sintering temperature, Ts' It
was mnoted that the adhesive forces between particles at these
temperatures are not strong enough to have an effect on the
minimum fluidization velocity and the fluidized bed can be
operated with no concern for the possibility of defluidization.
Experiments at higher temperatures were performed to obtain the
minimum fluidization velocity under conditions where agglomera-
tion would occur. In these experiments, the bed was kept in the
fluidized state at a given temperature T, while the gas velocity
was reduced to the point of the limiting velocity, Us’ and only
brought below this wvalue for a short time in order to get an
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accurate value of Us' Table 3.1 shows the dimensionless excess
velocity (Us- umf)/umf versus temperature for the two sizes of
particles used in the experiments, above the minimum sintering
temperature of the material.

The two fundamental physical properties required for
predicting defluidization velocities as determined by Eq. (3.24)
are the surface wviscosity, ng and the yield strength, o -
Surface viscosity measurements were performed as described in
Section 3.4, while the yield strength of the sinter neck was
estimated using adhesion theory which assumes that van der Waals
forces are the dominant (short-range) attractive forces within
particle-particle bonds once they are formed. This assumption is
correct for weak particle-particle bonds.

The strength of a particle-particle bond is given by (Krupp,
1967) as

% = 7,3 (3.27)
T Zo

where fiw is the Lifshitz-van der Waals constant, which depends on
the material and Z0 is the separation distance of the granules.
Values of the Hamaker constant, A, for different materials which
is related to the Lifshitz constant by the relation:

A= how (3.28)

3
4n

can be found in Visser (1972). The value for polyethylene is
given as A = 1.0x10.19 Joules (0.624eV). The only quantity
undetermined in the calculation of o using Eq. (3.27) is the
separation distance, ZO’ This was left as a free parameter in
the comparison of the experimental data with the theoretical
model.

Figure 3.5 shows the comparison between experimentally
determined defluidization velocities as compared to the theoreti-
cal model (using Eq. (3.24)) versus temperature. These results

are for the polyethylene granules of average size equal to .07cm
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Table 3.1. Dimensionless excess velocity as a function of
average bed temperature for two sizes of poly-
ethylene particles.

U_-u U -u

s mf s mf
Ung Uns
Temperature (D = 0.07cm) (D_ = 0.32cm)

(°c) P P

108 -— 0.18

110 l.61 -—

111 -— 0.20

115 2.14 0.32

120 4.30 0.50

Note: Minimum sintering temperature T, = 106°cC.
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and for a bubble diameter db taken equal to one quarter of the
bed diameter. The choice of Z0 plays an important role in deter-
mining the £it between experiment and theory, and as seen from
Figure 3.5 an average value of 20 equal to 0.6nm yields a good
fit of the dimensionless excess velocity (Us-umf)/umf versus
temperature as compared to the experimental data. Figure 3.6
presents defluidization velocities versus temperature for both
samples of polyethylene using a separation distance of 0.6nm.
From Figure 3.6, one can clearly see that, using the same separa-
tion distance, the model 1is able to predict defluidization
velocities for both relatively small granules as well as larger
granules. It 1is important to observe that the value found for
the separation distance Zo-0.6nm is very close to the widely
accepted value of Zo-O.hnm (Rumpf, 1977), thus attesting to the
soundness of the proposed model.

Additional defluidization experiments were performed with
two different sizes of polypropylene granules of diameter, Dp -
0.2 cm and Dp. = 0.32 cm, respectively (see Appendix C). To
eliminate the use of the van der Waals force for estimating the
agglomerate strength, which is a somewhat arbitrary choice and
which only holds for very weak agglomerates, experiments were
performed on the polypropylene agglomerates formed in the
fluidized bed. The measurements were performed by a group at
Chuo University in Japan (Sekiguchi and Tohata, 1982) using the
following procedure. A weighed agglomerate is mounted on the
head of a needle shaped sample holder, which is connected to a
microbalance. The microbalance is kept in equilibrium while a
stream of hot air is passed around the agglomerate at steadily
increasing velocities until the agglomerate fails. From these
experiments the critical drag force, 9pg at which agglomerate
breakup occurs is obtained. Table 3.2 shows the critical drag
force as a function of air stream temperature. The yield
strength of the agglomerate o, can be obtained by using the

equation:
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Table 3.2. Effect of temperature on the breakage strength
of agglomerates in streams of hot air.
Critical Drag
Air Velocity Weight Temperature Force, %58
Run No. (m/s) (Kg) x103 (oc) (Kg/m2)
A-1 6.82 0.941 165 0.641
A-2 8.99 0.779 160 ' 1.075
A-3 9.68 0.820 l6l 0.979
A-4 10.46 0.877 160 1.075
A-5 11.16 0.486 156 1.494
A-6 11.97 1.181 149 2.404
A-7 5.31 1.120 167 0.510
B-1 6.82 0.860 156 1.002
B-2 8.99 0.760 155 1.102
B~-3 9.68 0.977 152 1.425
B-4 10.46 0.659 146 2.219
B-5 11.16 1.099 148 1.935
B-6 10.46 1.159 153 1.313
A. Agglomerate polypropylene particles produced at le40cC.

Agglomerate polypropylene particles produced at 160°C.
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2

D
(-g) o (3.29)

[

o =
s l-¢ 0S

and values so calculated were used in the model instead of using
the van der ‘Waals estimation for the strength of the
polypropylene agglomerates. Figure 3.7 shows the comparison
between experiment and theory, for a slugging bed (db - dB) and a
neck radius, b, taken as 3.5 percent of the average particle
diameter. This value gave the best agreement with the experimen-
tal data.

Comparison with other experimental data

Figure 3.8 shows a comparison of the theoretical and ex-
perimental data from all of the works discussed above. The
dimensionless excess velocity (Us-umf)/umf is plotted here as a
function of the temperature difference (T-Ts)/Ts. As seen in the
figure the dependency of Us-umf with temperature is similar in
all cases but appears to depend on, at least, one more parameter.
Inspecting Eq. (3.24) the most likely additional parameter is the
granule size, Dp' In Figure 3.9, the ?373 data were replotted
against the quantity [T - Ts)/Ts]-(Dp/dB)
between the different data is much better, especially at the

and as seen the fit

higher temperatures. At low temperatures one cannot expect an
empirical relationship of the form given by Eq. (3.23) to be
valid whereas the computed curves based on Eq. (3.24) appear to

show the correct trend.

3.4 MEASUREMENT OF SURFACE VISCOSITIES USING A DILATOMETER

Procedure and apparatus

Heating a packed bed of small solid particles (granules) to
high temperatures 1is sometimes accompanied by surface softening
and subsequent deformation. Assuming that the softened material

on the surface behaves as a Newtonian fluid, a so-called surface
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viscosity can be defined and, postulating a mode of surface
deformation under a given shear field, the surface viscosity, g
can be measured. The measuring procedure for the viscosity is
based on the compaction (contraction) of a porous rod made of the
granules in question while it is subjected to a compression load
and heated at a certain rate.

A porous rod made out of individual granules behaves dif-
ferently while heated than a similar compact rod of the‘same
material. The porous rod will initialiy dilate as the tempera-
ture increases, but will subsequently contract due to the viscous
flow and/or sintering which occurs at the intergranular contact
points. This behavior is due to the softening, flattening and/oxr
flow of the granule's surface at the point where compacting
forces are concentrated. This property of porous materials was
used earlier by Gluckman et al. (1976) and Siegell (1976) to
measure sintering temperatures of copper shot and fly ash
particles.

In order to perform the measurements, a Theta Industries-
Econo I dilatometer (Theta Industries, Inc., Port Washington,
N.Y. 11050) is used. This instrument enables one to measure the
deformation (magnification up to 105) and the deformation rate of
a material sample compressed by a certain load (up to 0.5 kg).
The material sample, which can be of maximum diameter of 2 cm and
length of up to 5 cm can be heated or cooled at any rate up to
15°C/min in a quartz glass holder situated in an electric heater
capable of heating the probe up to 1200°¢C.

The instrument can be used to measure elongations (or
contractions) of the sample while the temperature is increased,
decreased, or held constant. It can also be used to measure
elongation and deformation rates of the sample while under a
constant load at constant temperature. The sample holder is
constructed in such a way that granular material of particle size
down to about 0.05 mm in diameter can be poured into it and, by
using a quartz piston, one can measure elongations of the porous
material. There 1is also a special holder made out of a quartz
tube of & mm in diameter with a spherical quartz sphere as a
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piston to measure the deformation of a chain of large particles,
between 1 mm to 3 mm (see Figure 3.10). The instrument can be
operated in a horizontal as well as in a vertical position. This
arrangement enables one to apply any force on the particles by an
appropriate arrangement of weights in the apparatus. The tem-
perature in the furnace is electronically controlled, while the
temperature of the probe is measured directly with a thermocouple
dipped into the sample holder. The dilatometer was connected to
a MINC 11 minicomputer so that contraction versus time data could
be stored and displayed in graphical format. The computer
program used was CONTIM and is listed in Appendix A.3. In order
to diminish the effect of radial temperature gradients in the
sample holder, and because of the low conductivity of the
materials used, the rate of temperature increase is held low
(usually below 5°C/min). This imposes a restriction on the rate
at which dilatometer data can be obtained.

Theoretical considerations

For the case of coarse particles which can be arranged in a
linear (chain-like) manner in the dilatometer, simple geometric
considerations (see Figure 3.11) yield a unique relationship
between the contraction of the sample A2/£0 and the radius of the
flattened contact points, b:

at/2y = 2a/D, =1 - {1 - (2b/Dp)2}1/2 (3.30)

where Dp is the granule diameter and a is the distance over which
flattening has occurred. For the case of small particles ar-
ranged randomly within the sample, a similar simple relationship

exists:
a8/8y = (2/3M)11 - {1 - (2b/np)2}1/2] (3.31)

where f is the so-called layer spacing (Dullien, 1979) and is

given as a function of the porosity, ¢, of the sample as:
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B = JI73 [n/3/271 - )13 (3.32)

Usually the contraction (dilation) of the sample AZ is small
as compared to its initial 1length 20 and therefore Equations
(3.30) and (3.31) can be simplified accordingly to read:

b/D, & 128272211/ (3.33)

where the coefficient f = 1 for large size particles if they are
situated on top of each other in a linear arrangement, and f =
38/2 for a random arrangement of small particles forming a porous
mass; Equation (3.33) enables one to obtain (approximately) the
size b (or its growth rate) of the sinter (flattened) neck be-
tween two particles from a simple reading of the dilatometer.

The relationship between the size of the neck b and the
surface viscosity ng, was shown by Rumpf (1977) to be:

2 2
(b/Dp) - [hys/SDp + 2(FV + Fp)/Sﬂ'Dp ](t/ns) (3.34)

if sintering and the action of surface tension y, is taken into

account, whereas it is given by:

3 2
(®/D)" = [3(F, + Fp)/32Dp] (t/n)) . (3.35)

if viscoelastic flattening is the governing mechanism of
shrinkage. In 'Equations (3.34) and (3.35), Fv is the van derx
Waals force and t is the time of contact during which the inter-
particle compression force Fp is applied (see Figure 3.10).
Neglecting the compression produced on the particles by the
surface tension and also the van der Waals force, Fv with respect
to the force Fp, the general relationship between the size of the
sinter neck b, the compression force Fp, the time t and the

viscosity n, becomes:

2 n
b/Dp - [KFpt/Dpns] (3.36)
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where K is a numerical constant. Inserting Equation (3.33) into
Equation (3.36) and taking the derivative with respect to t" one
obtains:

0.5 n 2.n
3(fA£/2£o) /o(t7)y = [K Fp/nst] (3.37)

Solving for the viscosity n, one obtains from the above equation:

1/n (3.38)

-2 0.5 n
ng = KFpr /[a(fA£/2£0) /8(t )]
If the coefficient n takes the value 0.5, then Equation (3.38)

reduces to:

ng - KFPD;Z/[a(fAﬂ/ZZO)/at] (3.39)

where the denominator is simply the slope of the deformation
versus time and the constant K = 2/5«.

The procedure to measure surface viscosity from the
dilatometer data (measured values of A2 versus time) suggests
itself from Equations (3.36) and (3.38). A porous sample of
Initial length 20 and granule size Dp is heated at a certain rate
and compressed by a known force F_ while the contraction AZ is
measured as a function of time t. On a log plot the deformation
AL versus time t will yield the coefficient n as the slope of the
obtained curve (line). Then the slope of the deformation Af
versus time raised to the power n yields the surface viscosity
Mg through Equation (3.38). The coefficient n is expected to
take values between 1/3 to 1/2 based on Equations (3.34) and
(3.35). The assumption in applying Equations (3.34), (3.35) and
(3.38) is that the size of the neck b is small as compared to the
size of the particles Dp and, therefore, it is important that the
coefficient n be determined from A£ versus t measurements at
small times. The dependence of the surface viscosity ng, on the
temperature T is thus obtained through two parameters, the

interparticle compression force Fp and the particle size Dp, or
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rather their ratio FP/DP2 and the rate of deformation
(contraction) versus time.

For the special case when the sample in the dilatometer is a
finely divided powder, i.e., the granule size of the material
under testing is much smaller than the diameter of the sample
holder, Ds’ the interparticle compression force, Fp' is no longer
equal to the load on the sample as depicted in Figure 3.10. In
this case the values of the force F_ to be used in Equation
(3.38) or (3.39) can be computed using the relation (Rumpf,
1977):

2 2
FP = 4€DpL/ﬂ(1 - e)Ds (3.40)
where L is the load on the sample.
Results and discussion

Actual elongation data (f£A£/22 )1/2 versus time of deforma-
tion, for polyethylene granules of D_ = 0.07 cm at a temperature
of T = 116°C as obtained from the dilatometer, are given in
Figure 3.12 on a log plot. The experiments were performed by
applying different loads, L, to the sample at values between 10
to 30g. As seen, the results are approximately straight lines of
slopes varying between 0.42 and 0.50 as expected. At high values
of the compression force there is a slight change in the slope at
large times (above 150 s) due to excessive increase of the con-
tact zone, b, between particles. Figure 3.13 shows the slopes of
deformation versus time for different loads, L, on the sample at
the same temperature of T = 116°C. From these slopes the vis-
cosity ng, was computed using Equations (3.39) and (3.40).

The same procedure, as outlined above, was used at several
different temperatures to obtain viscosity, Ny, versus tempera-
ture data in the range between T = 90°c up to the melting point
of the material, Tm' for polyethylene and polypropylene granules
and the results are presented in Figure 3.14. As seen, both

11

materials have a very high viscosity (around 107~ Pa-s) at low
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temperatures and this value does not change significantly as the
temperature 1is increased from room temperature. At a given
temperature, characteristic of each material, the viscosity drops
sharply, about two orders of magnitude, indicating a surface
softening: this 1is the so-called minimum sintering temperature
Ts, and is the point where surface stickiness first appears.
There is a subsequent gradual decrease in viscosity (see Figure
3.14) as the temperature is further increased and a last sharp
drop as the melting temperature T is reached. Thus, the impor-
tance of having surface viscosity data versus temperature is
evident since the minimum sintering temperature can be determined
at the point where a sharp drop in viscosity occurs.
Furthermore, the deformation (flow) of the particle surface above
this temperature while under a certain load can also be
predicted. This behavior is important when these same particles
are being fluidized or compressed at high temperatures.
Additional surface viscosity measurements were performed on
coal and glass particles (powders). A typical example of surface
viscosity versus temperature for small glass beads (Dp = 0.07 cm)
is presented in Figure 3.15. The glass behaves somewhat dif-
ferently than the polymers in that the viscosity decreases
continually as the temperature is increased. The relative sharp
drop around 560°C indicates the minimum sintering temperature of

the glass.
3.5 MINIMUM SINTERING TEMPERATURES OF FLUIDIZABLE PARTICLES
Introduction

When fluidization of small particles takes place at high
temperatures, the softening and/or partial melting of the solid's
surface often requires higher gas velocities to keep the bed in
the fluidized state. This behavior is due to the fact that
energy imparted to the particles by the fluidizing gas has to
overcome not only the weight of the bed but also particle-

particle interaction forces due to surface stickiness. These
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interaction forces which are cohesive in nature become sig-
nificant above a certain temperature level. The existence of
this characteristic temperature level was clearly demonstrated by
recent research in high temperature fluidization (Gluckman et al
(1975), Siegell (1976), Tardos et al. (1984), Basu (1982), Basu
and Sarka (1983) and Liss et al. (1983)), where it was shown that
above the so-called minimum sintering temperature, Ts, fluidiza-
tion of a given granular material (powder) is accompanied by
agglomeration. This temperature is determined at the point where
a large drop in granule surface viscosity occurs (Tardos et al.,
1984) as was demonstrated in the previous section and is consis-
tent with the observation that at or above this temperature,
stickiness and surface deformation of the granules becomes
apparent.

The purpose of the work presented in this section was to
develop a comprehensive method to measure the minimum sintering
temperature for different materials. An obvious way to determine
this temperature is to perform fluidization-defluidization ex-
periments in a pilot fluidized bed using the granules in question
and to correlate the minimum fluidization velocity as a function
of temperature. At the point where permanent agglomerates form
and/or the minimum fluidization velocity no longer corresponds to
the wvalues calculated from the well known relation (Kunii and
Levenspiel, 1969):

Re
mf 1.75 2
73 +¢ 3 Rens
mf mf

(3.41)

Ga = 150(1 - emf) :

the minimum sintering temperature is obtained. The following
notations were used in Eq. (3.41): €’ is the void fraction of
minimum fluidization, ¢ is the shape factor and the Gallileo and

Reynolds numbers were defined as:
Ga=p_(p, - p)Dg/n (3.42)
g s E P

Remf - pgumep/p (3.43)

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



-54-

The drawback of the procedure described above is that it requires
the wuse of a well instrumented pilot fluidized and, in addition,
a large number of time consuming tests at different temperatures
have to be performed.

During the present work, other simpler and more direct
methods to measure minimum sintering temperatures are presented
which do not require a fluidization-defluidization experiment to
be performed on the granules. Some of the methods are based on
the fact that at the point of sintering the granule’s solid
surface deforms and a surface viscosity can be defined and/or a
contraction can be measured. Others are based on a thermal
analysis (heat absorption versus temperature) and still others
are based on mechanical strength testing. The development of
such methods is important since a knowledge of the minimum
sintering temperature enables one to properly design a fluidized
bed which operates at high temperatures; special precautions to
avoid agglomeration are only necessary if the bed temperature

exceeds the minimum sintering temperature.

Polymers

The method to determine surface viscosity of granular
material at different temperatures using a dilatometer is
described in detail in the previous section. Typical results for
surface viscosity versus temperature for polyethylene and
polypropylene particles of different sizes are given in Figure
3.14. It is evident that at a certain temperature (Ts = 105°C
for polyethylene and Ts = 142°C for polypropylene) there is a
drastic reduction in viscosity. The viscosity of 1011 Pass can
be regarded as "infinitely" high corresponding to a "solid" while
viscosities of the order of 10 -10" Pass are characteristic of a
very viscous fluid. More important (see Figure 3.14) is the
apparent sharp drop in viscosity of about two orders of magnitude
at a given temperature, which indicate a softening of the
surface. Since the measurement of surface viscosity is rather

involved and time consuming (Tardos et al., 1984) a more direct
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method for measuring the minimum sintering temperature was
devised: a contraction-dilation versus temperature curve for a
porous rod composed of the granular material in question and
compressed by a certain load was recorded using a dilatometer.
The dilatometer was interfaced to a MINC 11 minicomputer so that
data could be stored and displayed graphically (the computer
program used was CONTEM and is listed in Appendix A.3). Similar
curves for copper shot and coal ash were obtained earlier by
Siegell (1976) but this was not followed by a thorough analysis
of the results.

The general shape of the dilation-contraction curves was the
same for all materials studied (see Figure 3.16A). As the tem-
perature is raised from ambient the sample exhibits thermal
expansion; the thermal expansion can be determined using this
initial part of the test. At some higher temperature the sample
no longer increases in size and a plateau is reached where the
sample remains at a constant length. Here, the effects of sur-
face deformation (contraction) balances the effects of thermal
expansion. At a slightly higher temperature the sample begins to
contract rapidly due to a greatly increased rate of surface
deformation (sintering) at the intergranular contact points. The
temperature at which the sample starts to shrink (contraction
predominates over thermal expansion) 1is considered to be the
minimum sintering temperature, Ts.

Elongation vs. temperature was measured for polypropylene
particles (average particle diameter Dp = 0.32 cm) under a com-
pression load L, on the sample of 38g. Two methods of heating
were used; in the first run (Figure 3.16A) a 1°C/min temperature
increase was maintained up to the softening temperature which was
found to be 141.7°C. The second sample was heated at 5°C/min
from 25 to 100°C and then at 1°C/min from 100°C on (Figure
3.16B); the measured softening temperature was 141.5°C showing
the reproducibility of the results.

Additional elongation vs. temperature experiments were
performed with polyethylene particles (Dp = 0.32 cm) at a heating
rate of 2°C/m1n under two different loads, L (see Figure 3.17).
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At a load L = 18g the softening temperature was found to be
112.7% (Figure 3.17A) while at a load of L = 36g (doubling the
intergranular pressure) the minimum sintering temperature was
found to be somewhat lower, Ts = 107°C (Figure 3.17B). Both
sintering temperatures for the two polymers are close to those
determined from viscosity measurements (see Figure 3.14).

To further confirm that the minimum sintering temperature Ts
is a well defined property of the material, a set of yield
strength tests were performed on the same polypropylene particles
by Sekiguchi and Tohata (1982) using the instrument schematically
shown in Figure 3.18. This instrument is capable of measuring
interparticle forces at any given temperature on chains of
(agglomerated) particles. The results of the test indicate that
the material does not behave as a solid (does not exhibit tensile
strength) at temperatures close to and above the minimum sinter-
ing temperature, TS. It is appropriate therefore to determine
this temperature either from viscosity measurements or from
contraction versus temperature data.

Additional experiments using the dilatometer were performed
on polyester, a high melting temperature polymer. A typical
elongation-contraction diagram is shown in Figure 3.19A. The
polymer shows a drastic contraction at around 120°C and another
contraction between 252 and 260°C. One would assume that sinter-
ing occurs at the first contraction of 120°C but this is not the
case; a second reheating of the initial granules shows only a
contraction at around 257°C, as seen in Figure 3.19B, demonstrat-
ing that 120°¢C is only a point of crystalline rearrangement but

not a point of surface softening (sintering).
Glass

Dilatometer and surface viscosity experiments were performed
on glass samples in order to determine sintering characteristics
of this material. Figure 3.15 shows surface viscosities versus
temperature for a glass powder in the size range from 20 to 30
mesh over the temperature range of 325 to 625°C. As seen in the
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figure the viscosity decreases three orders of magnitude over a
300°¢ temperature range but there is no sudden change in the
viscosity clearly visible from the data. It is, therefore,
difficult to determine sintering temperatures from this test.

Dilation-contraction measurements versus temperature for the
same material are presented in Figure 3.20. It is clear from
this figure that dilation is counter-balanced by contraction at
around 420°C and that sintering occurs at 577°C where the rate of
contraction versus temperature is very high and where the minimum
sintering temperature, TS, is defined.

A series of experiments were performed to study the in-
fluence of the applied load on the sample, of the intergranular
compression force, Fp’ and of the particle size on the minimum
sintering temperature. The intergranular compression force Fp
which is the actual surface force between two contacting granules
in the sample is related to the total load, L, on the sample
through the well-known Rumpf equation given in the last section
(Rumpf, 1977):

F, - loeDgL/w(l-e)Di (3.40)

For large granules where the diameter of the particles is close
to the diameter of the sample (Dp - Ds) the above equation is not
applicable since, in this case, the force L is readily applied to
a chain of large granules and, therefore, one can take the
interparticle compression Fp to be Fp = L (Tardos et al. (1984)).
The experiments were performed using different sizes of glass
particles from 50 to 400um combined with different loads, L,
between 20 and 220 g so as to obtain constant intergranular
compressions Fp as computed through Eq. (3.40). The results,
minimum sintering temperature vs. particle size for two values of
the force Fp are given in Figure 3.21A. As seen, the influence
of particle size is not very pronounced although the sintering
temperature seems to increase somewhat with particle size at
constant compression Fp' The complimentary result of variation

of sintering temperature TS vs. the intergranular force Fp (see
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Figure 3.21B) 1is also not significant if one takes into account
the fact that the force was varied over more than one order of
magnitude. These findings are somewhat different from the ear-
lier results by Siegell (1976) where a strong dependence on
particle size was evident but where the experiments were con-
ducted under constant load, L, rather than under constant force
Fp. It is clear that experiments performed with constant load
and varying particle size in the same sample holder will yield
different results, since in the sample with smaller particles
there are more contact points per unit surface area and conse-
quently lower forces between particles as compared to a sample
with larger particles. In order to compensate for larger forces
between contact points in a sample of large particles, one has to
increase the load on a sample made of smaller particles according
to Eq. (3.40), and therefore a better way to compare experimental
results obtained on small and large particles is to use tests
performed with a constant intergranular force Fp’ as shown in
Figures 3.21A and 3.21B.

Coal

A series of dilatometer tests were performed on two dif-
ferent coal samples to determine the sintering characteristics of
this material. Figure 3.22 shows dilatation-contraction versus
temperature for an Elkhorn-Pike coking coal at two different
loads, L. As seen, the dilatation of the material is not sig-
nificant up to the temperature, Tl’ around 410°C, where swelling
occurs., This process is followed by a rapid contraction at a
temperature, T2, around 450°C. As the load on the sample in-
creases (see Figure 3.22B), the swelling becomes less evident and
the contraction (sintering) occurs at a lower temperature. The
same trend is shown in Figure 3.23 where both the swelling tem-
perature T1 as well as the sinter’ng temperature T, are given as
a function of the load applied on the sample. The experiments
represented in Figures 3.22 and 3.23 were performed in nitrogen
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to prevent burning of the sample. Figure 3.24 shows the depend-
ence of the two temperatures, Tland TZ' on the heating rate. As
seen, the dependence is very slight; both temperatures increase
somewhat as the heating rate is increased from 1°C/min to about
15°C/min (upper limit of the instrument). To confirm the exist-

ence of the two characteristic temperatures, T1 and T,, a

Differential Scanning Calorimeter (DSC) test using a DSC Dugont
1090 microcomputer based thermal analysis system was performed,
and the results are shown in Figure 3.25; the two tramsition
temperatures are clearly seen. This test indicates that swelling
and contractions are accompanied by heat absorption and/or heat
release.

For comparison with the above results obtained on a coking
coal, a dilatometer test was performed on a standard Illinois No.
6 coal taken from the Penn State coal bank. The results are
presented in Figure 3.26 as elongation versus temperature. As
seen, the coal does not show swelling but does sinter at around
Ts = 380°C. The experiment was performed with a load of 18 g at
a heating rate of 10°C/min in a nitrogen atmosphere.

As a conclusion, one can state that using dilatometer and
DSC tests, one can determine sintering temperatures of different
coals and can compare them to a standard sample; cokeability can
then be determined with respect to a few standard coals. One can
criticize here the criteria for agglomeration proposed recently
by Lau (1981) which considers agglomeration in a coal combustor
to be signaled by the swelling of the coal. As was shown in this
study, swelling only occurs if the applied load (pressure) on the
sample is low, while if the pressure is high, sintering occurs
immediately without previous swelling. Other types of coal such
as Illinois No. 6 do not swell at all before sintering.

Inorganic salts

An extended study of sintering of crystalline materials
(salts) was undertaken to elucidate the behavior of these

materials at high temperatures. In Table 3.3, data for the
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series of experiments performed in the dilatometer using aluminum
sulfate (A12804-14H20) is presented. The virgin sample could not
be used in the dilatometer because the release of surface water
dissolved the sample and formed a solution.

The sample; dried at 100°C, expanded greatly at 120°C and
formed an agglomerate. It is believed that this aggiomeration
was caused by the release of intercrystalline water from the
material and was not due to sintering. A sample was dried up to
230°C in the fluidized bed (drying of the sample in an oven is
not feasible because agglomeration occurs due to water release)
to eliminate crystalline water and subsequently heated in the
dilatometer to temperatures approaching the decomposition point
(see Figure 3.27). A large contraction was observed at 340°C but
this was not accompanied by any agglomeration (Table 3.3, run no.
3). A similar experiment, using the pretreated sample of run no.
3, was performed to see whether the contraction is due to the
elimination of additional bound water or to some other cause.
The absence of the contraction at 340°C in the reheated sample
(run no. 5) suggests that the contraction may be due to a crys-
talline compaction or the eliminaton of water. A sample was then
dried up to 420°C to eliminate all possibie water at 340°C (run
no. 6) and then compressed in the dilatometer. The result sug-
gests that the contraction at 340°C is not due to water
elimination but to a crystalline rearrangement not accompanied by
sintering. In fact, no sintering of the dried sample was ob-
served up to the decomposition temperature and the elongation vs.
temperature for the sample dried to 420°C was similar to the one
shown in Figure 3.27. The above result, as confusing as they may
seem at first glance, indicate that crystalline material may
behave differently than amorphous granules because of water
release and crystalline rearrangement not accompanied by
sintering. The results also reveal that dilatometer data must be
interpreted with great caution. Large contractions may indicate
sintering, but actual agglomerate formation must confirm these
findings.
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In Figure 3.28 results of a dilatometer experiment performed
on calcium chloride (CaClz-2H20), dried initially at 120°C in the
fluidized bed, are shown. Elongation vs. temperature measure-
ments were obtained with a heating rate of 10°C/min and a load of
18 g. The first contraction at 132°C is due to the anhydrous
salt being formed. The second, at 440°C, is due to surface
softening and the filling up of voids created by the water
removed and is accompanied by the formation of a strong
agglomerate. '

The example of two crystalline materials demonstrates the
very complex way these substances behave while heated to high
temperatures. Release of crystalline water complicates the
picture of dilation and contraction, especially if the rearrange-
ment of the molecules after the water is eliminated is
accompanied by a bulk volume change. Some volume changes are
accompanied by sintering of the surface (calcium chloride) while
others are not (aluminum sulfate). A careful examination of the
sample obtained in the dilatometer after the dilation-contraction

test reveals whether agglomeration has in fact occurred.
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CHAPTER 4: A STUDY OF LIQUID BRIDGES BETWEEN STATIONARY AND
MOVING PARTICLES

4,1 BACKGROUND

As shown in Section 3.3 a theoretical model has been
developed to compute minimum gas velocities which keep a bed of
particles to which a (sticky) fluid or a solution is added, in
stable fluidization. The model underpredicted the experimental
results by roughly a factor of two. To obtain better agreement
between theory and experiment a more detailed study of a wet
agglomerate was undertaken.

The interparticle force used in the model was derived from
the action of surface tension (Eq. (3.4)) and only takes into
account the static strength of the bond, that is, the strength
under extremely slow deformation. This static strength can be
obtained from the theory of capillarity between granular
material. The Laplace-Young equation which describes the equi-
librium of an interface can be solved to determine the
interfacial profile as well as the force due to the liquid
bridge. The static strength of the bond is important insofar as
it can be compared to the strength under dynamic conditions i.e.
where the particles are moving with respect to each other.

While investigating static bridges it was found that under
certain conditions the influence of gravity on the symmetry of
the interfacial profile of the 1liquid bridge 1is quite
significant. A thorough investigation was performed along with
the construction of an experimental apparatus to study this
effect and the results are described in Section 4.2.

In a fluidized bed where particles move about under dynémic
conditions, the strength of liquid bonds should be different from
the strength due to surface tension only because one also has to
take into account viscous flow of liquid material in the bridge.
A set of experiments was performed with fluids of various vis-
cosities and bridge volumes to verify this hypothesis and Section
4.3 contains these results together with a comparison with the

static strength under the same physical conditions.
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4.2 THE EFFECT OF GRAVITY ON THE SHAPE AND STRENGTH OF A
LIQUID BRIDGE BETWEEN TWO STATIONARY SPHERES

Introduction

The study of a 1liquid bridging a gap between two solid
surfaces has been the subject of numerous investigations in
recent years. Specifically, researchers have been concerned with
the geometry of the surface, the shape of the liquid profile, the
volume of the liquid bridge and the attraction force between the
two solid bodies created by the bridge.

A detailed chronological summary of most of the previous
work on the subject has been compiled by Mehrotta and Sastry
(1980). Recently, work has centered on the stability of these
liquid-solid systems. Erle et al. (1971) used a variational
approach to derive, from a first variation, the Laplace-Young
equation and to solve for the shape, as well as for the force of
cohesion, of a fluid bridge between two spheres when gravity is
neglected. Their results showed what has been demonstrated
elsewhere (Fortes, 1982, Boucher et al., 1982) that, in certain
cases, there are two distinect solutions to the Laplace-Young
equation while wunder some special conditions no solutions are
possible. From the comparison of experimental results to their
model, Erle et al. (1971) made a conjecture as to which of the
two distinct solutions, when such solutions exist, was stable; no
mathematical condition for stability was given. Coriell et al.
(1976) studied the shape and stability limit of a liquid zone
between two coaxial circular plates which included the effect of
gravity. These authors performed a first variation to obtain the
Laplace-Young equation and then a second variation to obtain a
condition of stability for a given profile. They showed that if
the second variation is positive, the energy is a minimum and the
profile is stable. De Bisschop and Rigole (1982) proposed that
the physically realizable profile, for a bridge between two
spheres without the effect of gravity, is the one that minimizes
the free energy of the three phase system. For two possible
solutions having equal bridge volume the solution that gives the

minimum surface area will be the stable one. These authors also
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showed that the region in which the two distinct solutions become
equal is the demarcation between a stable liquid profile and the
rupture of the bridge. The equivalent problem for the case where
gravity forces are considered was not solved by these authors.
De Bisschop and Rigole (1982) pointed out, however, that at large
bridge volumes and large particle size the effect of gravity can
no longer be neglected.

There has been some disagreement in the literature as to the
expression for the capillary force acting within the liquid
bridge. Force measurements performed by Wolfram and Pinter
(1979) (two flat plates slowly separated) using a liquid bridge
immersed in a second insoluble liquid, compared favorably with
the force expressions that took bouyancy of the plates and of the
liquid bridge into account. These authors showed that when the
bouyancy term was neglected by using the classical force expres-
sion due to Fisher (1926), the agreement between theory and
experiment was poor. Hotta et al. (1974), reviewed several
methods for the computation of the force of a liquid bridge and
also determined, by “comparison with experiments, a similar ex-
pression as obtained by Wolfram and Pinter (1979).

In this section, the force and the rupture criteria of a
liquid bridge between two spheres in a gravitational field is
considered; this problem, as pointed out above, has not yet been
completely solved. The Laplace-Young equation is solved numeri-
cally including the effect of gravity. The shape, the force and
the separation distance of a liquid bridge of given volume be-
tween two spheres is determined and compared to experimental data
of the author as well as to experimental data of Mason and Clark
(1965) and De Bisschop and Rigole (1982). Theoretical and ex-
perimental results for the maximum stable separation distance
(rupture point) for a sphere-liquid-sphere system having a given
volume are reported and compared to experimental data and to

another proposed rupture criteria.
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Theoretical considerations

The analysis of a fluid-fluid interface at rest is described
by the equation of Laplace and Young, which relates the dif-
ference in hydrostatic pressure to the local mean curvature and
the surface tension of the interface. In the case of a gravita-
tional field the pressure variation as a function of height above
a reference plane has to be considered in accordance with
Pascal's law. The equation can also be derived by using the
calculus of wvariations and minimizing the free energy of the
system and then.Asolving the resulting Euler equation. For the
system shown in Figure 4.1, the dimensionless equation of equi-
librium has the form (Orr et al., 1975):

a?x/ay®
[1+(dX/dY)?]

dx/dy

2HoR - BoX = 5
Y[1+(dX/dY)“]

+ (4.1)

372

where the coordinates X and Y are made dimensionless with respect
to the sphere radius, R, Bo-Apng/y is the Bond number, Ho=APo/2y
is the curvature and APo is the pressure difference across the
fluid-fluid interface at X=0, Ap is the density difference and v
is the interfacial tension between the two phases. The influence
of the gravity force is taken into account in Eq. (4.1) by the
Bond number. Many researchers neglect the influence of gravity
or more generally the existence of the term including the Bond
number in Eq. (4.1) and compare the predictions of the model to
experiments performed by either using small diameter spheres or
immiscible fluids of nearly equal density. Since X is of order
one, the second term on the left hand side of Eq. (4.1l) can be
neglected when Bo/2HoR << 1. This condition is usually satisfied
for the case of small particles and small liquid volumes.

Equation (4.1) was rearranged to allow for easier numerical
solution to obtain the following set of first order differential
equations (see Appendix E):

d®/dS = (2HoR - BoX) - (sin ®)/Y (4.2)
dY/dS = cos & (4.3)
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dX/dS = sin & (4.4)

where S=s/R is the dimensionless arc length of the liquid profile
from the point (Yl!O) to the point (Y,X) (see Figure 4.1) and &
is the angle between the profile and the horizontal (Boucher and
Evans, 1975). A solution of the above equations is obtained by
using a Runge-Kutta type scheme. The volume of the liquid bridge
is determined by subsequently integrating the meridional profile
about the X axis:

v = n fﬁz (v2-u?yax (4.5)
where the bridge volume is made dimensionless with respect to the
cube of the radius, and U is the dimensionless profile of the two
sphere sectors that are wetted by the liquid bridge (see Figure
4.1).

The balance of forces at the upper boundary between the
liquid and the solid sphere gives the net external dimensionless
force applied on the sphere which is necessary to maintain the
configuration in equilibrium:

2

. 2
2= fc/wRy = 2Y251n @2 -2 YZHoR + BoY,X, - F

F 2X9

B2 (4.6)

Bo
Fpo = 3

(1 - cos a2)2{3-(l-cos az)}

where the force FBz is due to the effect of the variation in the
pressure distribution along the sphere under the horizontal plane
through point 2 (see Figure 4.1). This term only arises when
gravity is considered since the Bond number Bo=0 otherwise. The
force on the bottom sphere at point 1 (see Figure 4.1) is
similarly given by (see Appendix E for derivation):
2

F, = 2Y.sin®, - 2Y HoR + F

1 1 1 1 Bl (4.7

F

Bl - —%2- (1 - cos a1)2{3-(1-cos al)}
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It is easily seen from Figure 4.1 that for given values of the
angles oy and a, the minimum distance physically possible between
the two spheres from the points X=0 to X.--X2 is:

xmin- 2 - (cos ay + cos a2) (4.8)
The difference in forces between the top and bottom spheres which
is equal to the weight of the bridge is related to the volume of
the bridge by the following dimensionless relationship:

*
A

L =7 (Fy- F;)/Bo (4.9)

This relation gives a second independent method of calculating
the 1liquid volume for the cases when gravity is taken into ac-
count (Bow=0). It should be noted here that the method of
calculation of the 1liquid profile is the same if the bridge is
between two flat plates instead of two spheres, the differences
being that the calculation of the volume using Eq. (4.5) would
have U equal to zero and the forces FBl-FBz-O since there is no
variation in pressure along a flat plate at a given constant
elevation.

Equations (4.2-4.4) are the governing set of differential
equations to be solved for the determination of the liquid
profile. The solution of the three equations proceeds as
follows: starting at the lower surface, a meridian curve has an
initial wvalue <I>1-180o - (6 + al), for a chosen filling angle @y
(or alternatively at a certain value of Yl’ which determines the
filling angle since Yl- sin al). For given values of the
parameters Yl’ Ho and Ql, the integration of Egs. (4.2-4.4) is
performed numerically (see Apendix A for program listing) with
the arc length as the independent variable. The integration
marches along the arc length until the angle & approaches the
appropriate filling angle @y, corresponding to a sphere with a
given radius R and contact angle §. Specifically the numerical
scheme checks the following relation to determine when the solid

surface has been reached

Y = sin (& - 8) (4.10)
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The above procedure gives the shape of the fluid-fluid interface.

Often, one is primarily concerned with the force of attrac-
tion exerted by the 1liquid bridge on the two spheres as a
function of bridge volume and of separation distance between the
spheres. As can be observed from the above method of solution
and from Eqs. (4.6) and (4.7), no direct method of obtaining the
force of the bridge by either specifying the liquid volume or the
separation distance of the spheres is possible. This is due to
the fact that the volume and separation distance are determined
only after the profile is obtained. What is usually done is that
a matrix of possible initial curvature values Ho and filling
angles oy is used to obtain dimeniionless separation distances,
£-xs/R, and total bridge volumes Vb‘ By means of interpolation,
a grid of solution subsets can be determined whose elements all
have the same volume and another subset whose elements all have
the same separation distance. This was done for the gravity free
case by Erle et al., (1971). The method is not very efficient
however, since much interpolation is necessary and for the case
where gravity is important a different matrix of values would
need to be developed for each specific Bond number, Bo.

In order to overcome this difficulty and obtain a solution
for any value of the Bond number, two computer programs were
developed during the present work (see Appendix A.1l). The first
program calculates the volume of the liquid bridge as a function
of the filling angle for two spheres that are a specified separa-
tion distance ,£, apart. It uses a Newton-Raphson trial and
error scheme to determine what wvalue of the parameter Ho is
required for a given initial filling angle @y, in order for the
spheres to be a given ,£, distance apart. This is equivalent to
specifying that the separation distance X2, as determined from
the integration of Eqs. (4.2-4.4), be just equal to the minimum
distance possible for that configuration which is determined by
Eq. (4.8) plus the actual separation distance ,€, between the two
spheres. In this way, by varying the filling angle from a=a

min
to a=a the strength of the bridge can be determined as a
function of 1liquid volume. An example of such a calculation
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along with a comparison of interpolated results given by Schubert
(1977) for zero Bond number and zero separation distance is shown
in Figure 4.2. The good agreement of the results indicates the
soundness of the above numerical scheme.

The second computer program (see Appendix A.l) determines,
again by using a Newton-Raphson trial and error method, the value
of the parameter Ho necessary for a given filling angle ey, with
the volume V: as a constraint (listing of both computer programs
is contained in Appendix A.l). As was shown by Tardos et al.
(1983), increasing separation corresponds to decreasing filling
angles a, as the volume remains constant. The program therefore
gives a fast method of determining the force of cohesion
(strength) caused by the liquid bridge as a function of separa-
tion distance (diminishing contact angle) with a constant liquid
bridge volume.

The comparison of the numerical method for the computation
of the force and rupture distance to the often used circle ap-
proximation (Fisher, 1926, Mason et al., 1968) for the
determination of the shape of the meridian curve of an axially
symmetrical liquid bridge was also attempted. The motivation for
assuming a circular profile lies in the fact that the computation
of the force, volume and separation distance of a circular shaped
bridge is greatly simplified, even though this profile does not
have a surface of constant mean curvature as dictated by eq.
(4.1). Figure 4.3 shows a comparison of the force vs. bridge
volume with the separation distance as a parameter for the two
methods of solution. It is seen that when the spheres just touch
(é=0) there is only a slight discrepancy between the two solu-
tions, but as the separation distance increases to 5 and then 10%
(é=.05 and .1) of the sphere radius, respectively, the circle
approximation significantly underestimates the force as obtained
from the numerical solution of the Laplace-Young equation. It is
clearly seen that only for the specific cases of small liquid
volumes and touching spheres is the circle approximation a good

estimate for the strength of a liquid bridge.
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Figure 4.2. Dimensionless force vs dimensionless volume for two
touching spheres. Comparison of present theory with
calculations by Schubert (1977).
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Apparatus and experimental procedure

In order to study the stability, shape and force of cohesion
(strength) of 1liquid bridges, an experimental set-up was
constructed. A photograph of the experimental apparatus is shown
in Figure 4.4A and a schematic representation is shown in Figure
4.4B, The apparatus consisted of a Nikon 6C projection micro-
scope modified to allow for the projection, onto the viewing
screen, of the profile of the liquid bridge. The Nikon 6C was
rotated 90° and mounted so that it rested in the horizontal
position. The stage of the microscope has two verniers and a
focusing wheel that allows complete three dimensional freedom of
movement; a special mount was constructed to fit onto the grooves
of the stage =o that a moving support holding the upper sphere
could be fixed to the mount. A second identical sphere was
vertically aligned to the upper sphere by means of another three
dimensional positioner which consists of a modified microscope
stage with a two dimensional moving platform resting on it. The
force of the bridge was determined by hanging the upper sphere
from a stainless steel arm connected to two strain gauges that
made up half a Wheatstone bridge circuit. The bridge was com-
pleted and the signal amplified by the use of a Validyne CD19
carrier demodulator which could give up to 1lmV/V sensitivity.
The output of the strain gauge was calibrated before every ex-
periment by using several one milligram weights which were added
directly onto a tiny plastic platform glued to the arm holding
the top sphere. The output of the Validyne CD19 carrier
demodulator was connected to an IBM/XT microcomputer equipped
with a Data Translation 2805 interface board that could resolve a
voltage signal to as low as 2.5 micro-Volts. The computer
program that collected the data was STRAIN and is listed in
Appendix A.3.

A typical experiment proceeded as follows: a certain amount
of 1liquid of given volume was attached to the top sphere by the
use of a micro-liter syringe; the bottom sphere was brought into
contact with the top sphere and then slowly separated in set
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Photograph of the static bridge strength experiment.

Figure 4.4A.
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Figure 4.4B Schematical representation of the experimental
apparatus to study liquid bridges between two
spheres.
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increments of increasing separation until the bridge eventually
ruptured. The force at each given separation distance was deter-
mined by integrating, over a 5 second period, 512 points
collected by the computer. The separation distance was obtained
from the projection microscope screen and also entered into the
computer. The computer used the least squares fit of force vs
voltage from the calibration data and then plotted force vs
separation distance curves for each set of experiments (see

Appendix B for sample calibration results).

Comparison of present theory to experimental data

A set of experiments was performed according to the proce-
dure described above using dibutylphtalate (DBT) as liquid bridge
material and two stainless steel spheres as particles. Table 4.1
contains the physical characteristics of the system studied.

Figure 4.5 contains dimensionless force, F-fc/rky vs dimen-
sionless separation distance $-XS/R for the DBT system together
with a set of theoretical calculations. As seen the agreement
between calculated and measured values is quite good. There is a
maximum value of the force at a small but nonzero separation
distance. This is a characteristic experimental phenomenon also
observed by Mason and Clark (1965) and Hotta et al. (1974) and is
not explained by the solution of the Laplace-Young equation which
predicts the maximum force at zero separation distance or when
the two spheres just touch. As seen from Figure 4.5, the
strength of the bridge continuously decreases as the spheres are
separated until a . certain minimum value is reached after which
the bridge suddenly ruptures.

Figure 4.6 depicts a family of curves of measured force vs
separation distance with the bridge volume as a parameter. As
seen, the variation in the value of the force for different
bridge volumes follows the same general trend: the largest force
is obtained at a very small separation distance of about 5% of
the sphere radius after which the force decreases as the separa-

tion distance increases. Larger bridge volumes yield larger
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forces and rupture of the bridge occurs at larger separation
distances. Similar findings were reported by Mason and Clark
(1965).

Figure 4.7 shows the variation of the dimensionless force as
a function of the dimensionless bridge volume with separation
distance as a parameter. The figure contains experimental values
taken from Figure 4.6 as well as theoretical predictions using
the numerical integration scheme and the system properties con-
tained in Table 4.1. It is seen that theoretical and
experimental results at distances, &=.3 and é=.4 agree quite
well,

Some experimental data by Mason and Clark (1965) was also
compared to the present theory. These authors performed experi-
ments on relatively large spheres (R = 1l.5cm) using a fluid-fluid
system consisting of two immiscible fluids one of which comprised
the 1liquid bridge. The gravitational effects on the interfacial
profile were eliminated by using two fluids of equal density,
hence Bo=0 since Ap=0. These authors used a similar method as
was employed during the present work in that two spheres having a
fixed wvolume of liquid between them were allowed to slowly
separate until the bridge ruptured. Force vs separation distance
and the distance of rupture were recorded; the experimental
values are given in Figure 4.8. When similar curves of force vs
separation distance were generated theoretically by the present
authors wusing the rupture criteria proposed by De Bisschop and
Rigole (1982), the calculated rupture distances were always 45-
55% smaller than those determined experimentally (see Figure
4.9). It is therefore believed that De Bisschop and Rigole's
criteria for rupture is mnot entirely accurate and therefore an
improved criteria is proposed below.

De Bisschop and Rigole state that, as separation of the
spheres for a given constant volume occurs, the filling angle
continuously decreases until a point is reached where no solution
of the Laplace-Young equation is possible for a given minimum

filling angle @ s They considered this to be the rupture point

in’
of the bridge. It was actually observed during the experiments
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Table 4.1. Physical Characteristics of liquid bridge material

Bridge Material Dibutylphtalate (DBT)
Volume (V. ) 0.5, 0.9, 1.4, 1.9 uL
Viscosity (u) 0.14 Poise 3 ‘
Density (p) 1.023 gm/cm

Surface Tension (Y) 32.24 dyne/cm

Bond Number (Bo) 1.23“

Contact Angle (8) 10

Radius of spheres (R) 0.1985 cm
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that indeed a minimum filling angle is reached when the spheres
are separated but after this point stable bridges with increasing
separation distance were still possible. These configurations
are those where the fluid spreads out onto the two spheres, or in
other words, at these distances increasing filling angles occur.
Thus a revised theoretical rupture criteria can be summarized as
follows. Two spheres that are just touching with a certain given
liquid volume determine a certain filling angle « and an initial
curvature Ho (Ho is wusually negative for this case). As the
filling angle decreases the separation distance increases. A
minimum £illing angle is reached with a determined value of the
parameter Ho and then the filling angle needs to be increased to
yield new solutions that correspond to larger separation dis-
tances, smaller forces, and larger values of the parameter, Ho.
A point is reached where, as the filling angle is further in-
creased, the separation distance no longer increases; this is the
maximum value of the separation of the bridge for that given
volume and rupture will occur at any larger distance.

The above modified criteria were used to compare Mason and
Clark’'s data with our generated numerical solution and the
results are given in Figure 4.8. As seen, the theoretical values
underestimate the experimentally determined force at small
separation distances for all volumes studied. This discrepancy
between theory and experiment was also observed by Erle et al.
(1971) who questioned the accuracy of Mason and Clark's data at
small separation distances. Their model did not fit Mason and
Clark’s data either but did fit other available data of Cross and
Picknett (1963).

The rupture distances as measured by Mason and Clark's
experiments are plotted as a function of the liquid bridge volume
and the results are given in Figure 4.9 together with numerically
determined rupture distances determined by wusing the present
rupture criterion. As seen, the fit between theory and experi-
ment is very good, especially when one takes into account the

possible errors in the measurement of the volume of the bridge
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and the separation distance in the experiments by Mason and Clark
(1965).

De Bisschop and Rigole (1982) gave two experimental force vs
separation distance values using a dibutlyphtalate (DBT) liquid
in air system, spheres of radius R=0.1585cm and a dimensionless
volume of V:-.5154. Their data along with the computed values of
the force wusing the present theory when gravity is neglected
(Bo=ApgR2/1 =0) and when gravity is included (Bo=0.754) is shown
in Figure 4.10. VWhen gravity is included, two values of the
force are obtained; one is the force exerted on the top sphere
(Eq. (4.6)) and the other on the lower sphere (Eq. (4.7)), both
due to the liquid bridge. The difference between the two forces
is seen to be a constant and is related to the liquid volume by
Eq. (4.9) and is in fact the dimensionless weight of the bridge.
The middle curve 1in Figure 4.10 1is the theoretical force vs
separation distance calculated when gravity is neglected and then
only one value for the force is obtained for each separation
distance since the forces on the top and bottom spheres are
equal. As seen in Figure 4.10, the experimental data agree
better with the force exerted on the lower sphere when gravity is
taken into account (minimum value of the force) than the force

when gravity is completely neglected.

The effect of gravity on the behavior of the liquid bridge

The same dibutylpthalate-sphere system (see Table 4.l1) was
used to record rupture distance as a function of liquid bridge
volume and to compare it to calculated values when gravity ef-
fects become important. Figure 4.11 shows the results of
experiments performed by the author and the comparison between
the case when gravity is neglected (Bo=0) and when gravity is
taken into account (Bo=1.254). At low 1liquid wvolumes the
gravitational effect on the rupture distance is small, but as the
volume increases, the difference becomes significant.
Experimental results agree closely with the theoretical rupture
distances that take the effect of gravity into account. It is
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seen that as the volume increases the rupture distance becomes
strongly dependent on the magnitude of the bond number, Bo.

Even more significant is the difference in the actual
profile of the bridge if gravity is taken into account as the
particles separate. Figure 4.12 shows profiles for a constant
1iquid' volume (V:-0.1280) and constant separation distance
(£é=.501) when gravity is neglected (Bo=0) and when gravity is
taken into account (Bo=1.254). It is clearly seen that gravity
acts to distort the profile and render it asymmetric.

The comparison between an actual bridge profile and a calcu-
lated one is shown in Figure 4.13. The agreement is seen to be
excellent. It 1is clear from these results why gravity tends to
lower the strength of the bridge and make it rupture earlier. For
larger values of the Bond number i.e. larger spheres, denser
fluids or fluids of 1lower surface tension, the difference in
shape between the gravity free case and the case when gravity is
taken into account is even more pronounced. Gravitational ef-
fects become even more noticeable when the spheres are far apart
(see Figure 4.12); this was also found in the experiments by De
Bisschop and Rigole (1982).

4.3 THE BEHAVIOR OF A LIQUID BRIDGE BETWEEN TWO MOVING SPHERES
4.3.1 SPHERES SEPARATING DUE _TO GRAVITY

Introduction

During the earlier part of this research, (Section 3.3) it
was seen that the theory developed for the minimum gas velocity
necessary to maintain stable fluidization in a fluidized bed into
which a 1liquid coating is 1injected underestimated actual ex-
perimental data. The main reason why the theory underpredicted
the value of the gas velocity, Us’ is that the aggregate strength
is, in fact, larger than that initially assumed (see Section 3.3)
which took into account only the liquid surface tension. In
reality, the force separating the particles in the agglomerate

must also overcome the resistance due to flow of the material
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around the contact point; this was not taken into account in the
simplified theory.

A simplified model of the strengthening of a liquid bridge
between two moving particles has been developed that takes into
account the acceleration of the moving particles and the pressure
gradient across the 1liquid-gas interface; an outline of this

theoretical approach is presented below.
Theoretical model

A force balance on a moving sphere-liquid system as
presented schematically in Figure 4.14, consists of the viscous
force of the liquid bridge resisting separation Fvis’ the force
produced by the fluid-fluid interface fc and the weight of the
lower freely falling sphere, Fw’ The force balance obtained is
thus:

dzx

s

m -5 =3 F = FViS + fc + FW (4.11)
dt

where t 1is the time, X is the separation distance between the

spheres and m 1is the mass of the falling sphere. The force

produced by the fluid-fluid interface is given by:
£ = 2ny 4 + APny? (4.12)
c Yo Yo ’

vhere Yo is the neck radius (see Figure 4.14), v is the surface
tension and AP is the pressure difference across the fluid-fluid
interface. There is an inherent simplification embodied in Eq.
(4.12), in that it is assumed that the force fc can be computed
from the knowledge of the neck size Yo just as if the bridge were
quasi-static at each separation distance. This assumption is not
necessarily valid for a fast moving bridge. The weight of the
lower sphere is simply:

Fw = mg (4.13)
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The expression for the viscous force can be written in the form:

Xy dxS
Fvis- 61ruRA1(—R-) e (4.14)

where p 1s the viscosity of the fluid and R is the sphere radius
and the function Al(xs/R) can take various forms. For small
separation distances between two spheres in a infinite fluid, the

viscous function A, can be taken as (Weinbaum and Caro, 1976):

X
M) =41+ -%5; (4.15A)
S

For small separation distances the classical theory of flow
between parallel ©plates solution using the 1lubrication
simplification (Stefan, 1874) was modified by Adams and Perchard
(1984) for flow between two spheres and the viscous function is

given as:
Xg R
A, (-ﬁ—) - {§§-} (4.15B)
s

The Weinbaum and Caro expression is simply an addition of the
stokes relation (first term on the right hand side of Eq.
(4.15A)) to a viscous resistive term at small separation dis-
tances (second term on right hand side of Eq. (4.15A)). At small
separation distances the Adams and Perchard (1984) relation is
seen to give a viscous force of exactly one-quarter magnitude to
that of the Weinbaum and Caro expression.

Another variation of the expression used to compute the
viscous force, is to employ the Stokes relation but to integrate
the force only along the wetted surface of the spheres and not
along the entire sphere surface. Performing such a calculation
(Jen and Tsao, 1980) the following result was obtained:

X
M(ED) =45 - 5 cos ab . (4.15C)

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



-107-

where a is the filling angle of the liquid bridge. This expres-
sion for the viscous force does not have a functional dependence
on the separation distance. None of the three expressions for
the viscous force Eqs. (4.15A-4.15C) is strictly appropriate to
calculate the strength of the bridge since the basic assumption
underlying all three equations is that the particles move in an
infinite fluid. Clearly this is not the case here (see Figure
4.14) even in the specific situation presented in the figure
where both particles (spheres) have a surrounding liquid layer.
Combining Eqs. (4.11), (4.12), (4.13) and (4.14) yields:

dzxs xS dxs 2
m (;:—2—- = mg - 61rpR Al(—i—> d—t-;—' = 21ry°‘y - APﬂ'yo (4-16)

Using dimensionless distance and time in Eq. (4.16), defined as:
Xs 1/2
§= % ; r =t (g/R)

and that the mass of the lower sphere is m-psVs -ps4nR3/3, the
following dimensionless form of Eq. (4.16) is obtained:

*
2 F
a-L5H-Hine F+ 5t (4.17)
dr a
where:
3.1/2
20 ( R7g) 172
a* - -—i—gz—————- and Ca = _é&_éﬁsl__,

Ca is the so-called Capillary number which relates the effects of
viscous to surface tension forces, a*, is a dimensionless vis-
cosity term, and Fz-fc/nRy is the dimensionless strength of the
bridge due to surface tension and pressure drop, which is a
function of ©bridge volume V: and separation distance,
F:-f(vz,f). In equation (4.17) the resistance to gravitational
acceleration (left hand side of the equation) is equated to

forces due to viscous dissipation, surface tension and pressure,
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which tend to keep the particles together. The relative mag-
nitude of the terms on the right hand side of the equation are
directly related to the Capillary number, Ca and the dimension-
less wviscosity term, a*. Large values of the parameter Ca
correspond to 1liquids of high viscosity, so that the first term
on the right hand side predominates as compared to the second
term (surface tension). Moreover, the acceleration term on the
left hand side of Eq. (4.17), dzf/drz, will grow steadily as the
lower sphere falls from a constant value at 7=0 to a final value
of one; at this value there is no resistance to motion due to the
presence of the 1liquid bridge and the right hand side of Eq.
(4.17) becomes equal to zero. It should be noted that, at this
point the integrity of the bridge may still be intact (bridge not
ruptured yet) but there is no noticeable attractive force due to
the liquid bridge.

In order to solve the differential equation (4.17) initial
conditions for the system must be specified:

§ =¢ at 7 = 0 (4.18)

o
dé
rralie 0 at 7 = 0 (4.19)

It is sometimes possible to impose rupture conditions while
solving equation (4.17) and thereby compute the distance and the
resistance of the bridge at that point. One possible way to
specify such a condition is to assume that the bridge deforms as
a jet where the Plateau or the Rayleigh instability condition
applies:

L, > 2nR (4.204)
or in dimensionless form (see Figure 4.15)

LY > ( vy y1/3 (4.20B)
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Breakage occurs due to instability of the elongated bridge.
Rupture condition according to Plateau and Rayleigh:

L > 27R
o

SPHERE

where L and R. are related

to the initia¥ volume of
the bridge.

L* > (4nvg)l’3

— BRIDGE

SPHERE

Figure 4.15., Rupture condition for a moving bridge.
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where L, is the length of the bridge, R, is the radius at rup-
ture, Vb is the bridge volume which ex:ludes the 1iquig materigl
which sticks to the spheres and Lb- Lb/R and Vb - b/R .
Equation (4.17) was solved using a fourth order Runge-Kutta
method (computer 1isting-is given in Appendix A.2); integration
starts by applying the initial conditions and ends when the
rupture condition is satisfied. The trajectory of the falling
particle is thereby obtained.

Experimental

In order to verify the model of dynamic separation of two
particles and to compare the strength of the moving liquid bridge
to the static case, a set of experiments was performed, using the
experimental apparatus shown schematically in Figure 4.16. A
small steel sphere of high magnetic permeability and low reten-
tivity was permanently attached to an electromagnet and a liquid
of known viscosity and surface tension was adhered to the sphere.
A second identical sphere was then placed below the first sphere
with the aid of a 3-dimensional positioner. With the electromag-
net power on, the lower sphere was attached and held fixed below
the top sphere. The entire setup was mounted in the viewing
field of a Nikon 6C projection microscope which was rotated 90°
to allow for the vertical displacement of the lower sphere. The
alignment of the lower sphere could be performed accurately with
the aid of the Nikon microscope. The microscope has a "surface"
and "shadow" illumination mode; the shadow mode allows one to see
the sphere-liquid-sphere system on the projection screen. The
surface mode was used to send a high intensity light source from
behind the sphere-liquid-sphere system directly into the lens of
a high speed camera positioned in the line of vision (see Figure
4.16). This was required because high intensity light was needed
for the high camera frame-rates used during the experiment. The
high speed camera used was a HYCAM model K20S4E which is capable
of frame rates of 50-10,000 frames/sec. The camera has an "Event

Synchronization" feature which is simply a follower arm that
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Figure 4.16. schematic representation of the set-up to study
dynamic strengthening of a liquid bridge.

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




-112-

rests against the £ilm spool; when the arm reaches a pre-
determined position (footage of film taken-up), the event switch
actuates, opening the event circuit which deactivates the power
to the electromagnet that holds the lower sphere. In addition,
since the film accelerates before it reaches a steady state
speed, a timing light generator was used to pulse a light beam
onto the outer edge of the film every 1/1,000th of a second. By
using the event synchronizer and the timing light generator
accurate time measurements were obtained.

A typical experiment was carried out as follows: the camera
start switch was flipped on and the electromagnet power was
energized. The event synchronizer would then deactivate the power
to the electromagnet after a certain footage of film had been
used (for example, 25 feet of a 100 feet roll) to ensure steady
speed of the film. The camera would record the fall of the lower
sphere and the movement (flow) of the bridge. The lower sphere,
having a known mass, fell with a time varying acceleration which
tended to be less than gravitational acceleration due to the
presence (resistance) of the liquid bridge.

The shape of the interface, the time and distance of
breakage, the acceleration as a function of time, as well as, the
force due to the liquid bridge were determined from the analysis
of the movie film. The separation distance and time for each
expefiment were determined using frame by frame measurement of
the distances between the spheres. The time of each frame was
determined by the timing 1light on the edge of the film frame.
Experiments were performed with fluids of varying liquid volume,
viscosity and surface tension so that the variation due to each
parameter could be obtained.

A typical set of experimental data as obtained by frame by
frame analysis is shown in Figure 4.17. The figure contains a
plot of separation distance vs time for a liquid bridge of 0.5uL
in wvolume using an Immersion oil of viscosity, s =12.5 Poise and
surface tension, <v=31.5 dyne/cm. As seen, there is a time-lag
before the bottom sphere started to noticeably separate. A
fourth order least square fit of the experimental data was
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performed; the resulting polynomial is differentiated twice to
obtain the acceleration of the falling sphere as a function of
time. Figure 4.18A is a plot of acceleration versus time of
fall. As seen in the figure the acceleration does not reach a
plateau at an acceleration of 980cm/s2 as it should. This dis-
crepancy is attributed both to the error in measurement and to
the taking of second derivatives from "measured" data. To remedy
this, a plateau was forced onto the data by setting all points
greater than 980 cm/s2 equal to 980 cm/sz; Figure 4.18B contains
the result of this modification. In order to obtain the strength
of the bridge from the above data the ordinate of Figure 4.18B is
subtracted from the gravitational acceleration g and then multi-
plied by the weight of the 1lower sphere. The procedure to
calculate the retardation force exerted on the lower sphere due
to the liquid bridge is simply seen to be the sum of terms on the
left hand side of the Eq. (4.17). Some results using this proce-
dure are shown in Figure 4.19 for the Immersion oil-sphere
system. From the original data (see Figure 4.17), the time is
also related to its appropriate separation distance and thus the
retardation of the bottom sphere as a function of distance is
obtained. In the figure, the force was made dimensionless by F:
—fc/ﬂyR and the distance by Q-XS/R. The above method was used
for all dynamic separation experiments performed and the results

are given in the next section.
Results and discussion

Trajectory and strength measurements as described above were
performed with a variety of fluids with different viscosities and
surface tensions, First a dibutylphtalate (DBT) liquid (static
experiments were performed as described in section 4.2) with a
relatively low viscosity of p = 0.14 Poise and a surface tension
of 4 = 32.2 dyne/cm was used. The measured trajectory and rup-
ture distance were compared to the values calculated using the
solution given by Eq. (4.17) with initial conditions, Eqs. (4.18-
4.19) and the rupture condition, Eq. (4.20). Since there was no
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direct way of measuring the force due to the fluid-fluid inter-
face, Fz ‘'was taken as the corresponding force from the static
experiments Eq. (4.7), F:-f(V:,f). Also since Eq. (4.17) becomes
unbounded when the two spheres just touch (£=0), when equations
(4.15A) or (4.16B) are used for the viscous force, the initial
separation distance 6-50 was left as a free parameter.

Figure 4.20 shows the comparison of the theory with ex-
pirimental data for the DBT system with V:—0.1152, Ca=.368,
a =31.2 and the volume of the cylindrical liquid rod which is
subject to rupture (See Figure 4.15) taken as 60% of the total
bridge volume. The data is given as dimensionless distance
£=xs/R vs dimensionless time r-»t:(g/R)l/2
force expression due to Weinbaum and Caro (1976) (Eq. (4.15A)).
The general form of the numerically generated curves are similar

and uses the viscous

to the experimental data and when the initial separation distance
is taken as 65-0.050 the model fits the data well. For this
particular fluid-sphere system the viscous effects on the overall
strength of the 1liquid bridge were not very strong so that the
Weinbaum and Caro expression for the viscous force gave good
agreement with experimental results.

Dimensionless separation distance vs dimensionless time for
a 1.0pL and p=12.5 poise Immersion oil-sphere system is shown in
Figure 4.21. On the same figure, the theoretically calculated
results using the solution of Eq. (4.17) with Fvis given by each
of the three previous expressions for the viscous force is shown
(Es-.09, the actual experimental value at which separation dis-
tance started to noticibly change with time). It is seen that
the prediction wusing the first two expressions for the viscous
force term, X,(¢), gives poor results when compared to the ex-
perimental data. The reason for this discrepancy is, as pointed
out earlier, that the wviscous vresistive term, Fvis (see Egs.
(4.15A) and (4.15B)) is strictly valid only when the spheres are
totally immersed in the fluid. Since the fluid is of relatively
high viscosity the viscous term in Eq. (4.17) predominates,
therefore the Weinbaum and Caro and Adams and Perchard relations

both overpredict the viscous force at small separation distances.
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The overprediction of the viscous force in the model causes the
strength of the bridge to be much larger than it actually is and
thus, the spheres separate according to the model at a much
slower rate than in reality. The last expression used for the
viscous force which integrates the force along the wetted surface
of the sphere up to the filling angle, a, (see Eq. (4.15C))
compared best to experimental data. For "this experiment the
filling angle which actually changes slightly as the spheres
separate was taken to be the maximum value which is when the
spheres are just touching.

Finally the separation vs. time for the very viscous 125
poise Dow Corning Silicone fluid of Vb- 1pL was compared to the
model wusing the Stokes expression for the viscous force (Eq.
(4.15C)) with wvarious values of the £filling angle as a
parameter; this comparison is shown in Figure 4.22 (once again
Eqs. (4.15A) and (4.15B) greatly overestimate the actual viscous
force). As seen, the best fit of the model to the experimental
data occurs when the filling angle is not the maximum but some
intermediate value between the ﬁaximum (spheres just touching)
and the minimum (rupture of the bridge).

Further experiments were performed to study the influence of
the fluid viscosity and the bridge volume on the strength of the
bridge. Figure 4.23 shows a log-log plot of force vs separation
distance of the Immersion oil system for two liquid volumes of
1.0uL. and 0.5uL. For small separation distances the larger
liquid volume, Vb-l.OpL, results in a greater retarding force at
a given separation distance as compared to the bridge with the
smaller volume, Vb—O.SpL, but, as the separation distance in-
creases the force decays very quickly and at a certain point
becomes less than the force due to the smaller volume bridge. At
larger separation distances there is no significant viscous
retardation effect due to the presence of the liquid and, in
fact, the greater liquid volume acts to separate the lower sphere
more quickly because of the increased mass of the liquid-sphere

system. Figure 4.23 also shows the corresponding strength of the
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liquid bridge for the case where the spheres are slowly separat-
ing as determined from a static experiment performed on a similar
system with a liquid volume of 1luL (see Section 4.2). For a wide
range of distances the dynamic strength is about an order of
magnitude larger than the corresponding force given by the static
experiments. Moreover, the rupture distances for the dynamic
experiments were 2-3 times larger than those for the static case.
At the point where the strength becomes close to zero (see Figure
4.23) the bridge may still be intact. Indeed, when the accelera-
tion of the falling sphere system reaches 980cm/52, it doesn’'t
matter whether the integrity of the bridge is maintained or not
because there is no attractive force between the spheres at that
point.

Figure 4.24 contains a log-log plot of the dimensionless
force vs separation distance for the entire range of fluids
studied with viscosities ranging from 0.14 Poise to 300 Poise.
It is seen that as the viscosity increases from the lowest to the
largest value, the corresponding strength of the bridge at a
given separation distance increases. For each curve there is an
initial region where the force varies linearly with the separa-
tion distance. Above a certain separation distance, which varies
for different wviscosity fluids, the force decreases at a very
high rate until it eventually drops to zero as the falling sphere
reaches gravitational acceleration. It should be noted that for
the case of the 300 Poise fluid the downward trend was not ob-
served as with the other fluids studied. In this case the lower
sphere accelerated so slowly that it did not reach gravitational
acceleration until it was out of the field of view of the movie
camera and therefore only the initial linear portion of the force

vs distance was obtailned.

4.3.2 SPHERES SEPARATING AT FIXED VELOCITY

As described in the previous Section (4.3.1) the method of

measuring the resistance of the dynamic bridge was accomplished
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by using frame by frame analysis of a high speed movie film. The
inherent problems in this method were that each experiment in-
volved the exposure of a 100 foot roll of film of which, roughly,
5. feet contained the experimental run. The film then had to be
developed and tediously analyzed frame by frame.

In order to measure the force directly, to be able to vary
the separation velocity of the two spheres and to perform experi-
ments faster and more accurately, the experimental setup
described in Section 4.3.1 was modified. Figure 4.25A contains a
photograph and Figure 4.25B shows a schematic representation of
the new experimental apparatus. The bottom sphere, instead of
falling due to gravity, 1is connected to a dual motion gas ac-
tuated piston (Bimba, model 011-DP). The piston rod is capable
of moving in an inward or outward stroke depending on the direc-
tion of the high pressure gas flowing through the piston
cylinder. Two pressure lines go from the piston cylinder to a
four way solenoid valve (Asco Red Hat, model 8345El) which sub-
sequently 1is connected to a nitrogen gas supply tank. The four
way solenoid valve acts to reverse the nitrogen flow through the
piston and as a result the piston rod retracts separating the
bottom sphere from the top sphere at a given rate. Each of the
two pressure lines from the piston to the solenoid valve has a
micro wvalve (Hoke, model 1315M4B) connected to it so that by
adjusting the valve the flow rate through the piston would change
and the rate of piston separation (sphere separation) could be
controlled.

The displacement of the bottom sphere is measured by the use
of a Linear Variable Differential Transformer (LVDT, Sangamo
model AE1l2) whose body is held fixed while its core is connected
to the retracting piston rod and thus moves with the bottom
sphere. The LVDT was connected to a Validyne CD19 high sen-
sitivity carrier-demodulator. The top sphere is mounted onto two
strain gauges which form half a Wheatstone bridge circuit. The
bridge is completed and the signal amplified using another
Validyne CD19 carrier-demodulator which could give up to 1lmV/V

sensitivity. Since the entire separation process occurs on the
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Figure 4.25A. Photograph of the sphere separation at“a
ffixed velocity experiment.
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order of one-half a second, an IBM XT microcomputer was used to
record the displacement and the force versus time data. The IBM-
XT microcomputer was equipped with a Data Translation 2805
Interface board that allowed sampling rates up to 6,000 samples
per second (Appendix A;3 contains the computer program PISTON
which was used for the collection of data in these experiments).
The strain gauge and the LVDT were calibrated as described in
Appendix B. With these recorded signals, force versus separation
distance was obtained.

A typical experiment proceeded as follows: the piston is
held at its maximum stroke by high pressure nitrogen from a gas
cylinder supply. The sphere-liquid-sphere system is adjusted so
that the spheres are perfectly aligned and just touching. The
computer, with a Digital Out signal activates a relay (CRYDOM,
model TD1210 solid state relay) which in turn energizes the four
way solenoid valve thereby switching the flow of gas through the
piston causing the piston rod to retract (bottom sphere
separates). The computer records the strain guage and LVDT
signal at a given sampling rate and stores it in a file for later
data manipulation. In this way, displacement of the sphere
versus time, as well as force versus time were obtained.

Experiments were performed wusing Dow Corning Silicone
Newtonian fluids of varying viscosity and also one type of binder
material. The velocity was obtained by taking the first deriva-
tion of the displacement versus time data. A set of experiments
using spheres of radius R = 0.1985cm, bridge volume VB- 1uL,
separation velocity V= 22 cm/s and three different viscosities
of 10, 5 and 2 poise is shown in Figure 4.26. The force was made
dimensionless with respect to the maximum static force of the
liquid bridge obtained from static bridge strength experiments
(see Section 4.2). The displacement was made dimensionless with
respect to. the sphere radius, R. It is seen that the strength of
the dynamic ‘bridge is proportional to the viscosity of the fluid.
From the figure it is seen that the force reaches a maximum not
at zero separation but at a certain small distance apart because

the piston accelerates slightly when it first moves and thus the
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velocity is changing from zero to its steady value. It is well
known that the smaller the velocity the lower is the dynamic
force. Figure &.27 shows the maximum forces as obtained from
Figure 4.26 plotted as a function of viscosity. From Figure 4.27
it can be seen that for a 10 poise fluid the dynamic bridge
strength 1is thirty times greater than the corresponding static
bridge. This directly verifies the results of Section 4.3.1
where the forces were obtained indirectly.

A comparison of the experimental results with the model of
squeezing flow between two spheres as developed by Adams and
Perchard (1984) and presented in Section 4.3.1 was peiformed.
This expression for the viscous force was chosen because is was
considered to be the most realistic in terms of mirroring the
actual experiment. The force was obtained by substituting Eq.
(4.15B) into Eq. (4.14) and taking the derivative dxs/dt to be

the constant velocity term V!

F

ig = STHRV_/€ (4.21)

The comparison between experiment and model prediction is shown
in Figure 4.28. The reason why Eq. (4.15C) was not used in the
comparison of theory to experiment was that this expression for
the viscous force would give a constant force value independent
of the separation distance between the two spheres which is
clearly not the case. As seen from Figure 4.28 the force goes to
infinity as the spheres come in very close contact due to the ¢
term in the denominator of Eq. (4.21). As the spheres separate,
however, the force decays very quickly and for most of the range
of sphere separation the force computed from the model predicts
the actual force data within an order of magnitude. It has to be
emphasized here that the force expression above is a simplified
one which does not take into account the presence of the moving
interface and the moving contact line nor does it account for the
finite volume of the bridge. In other words the dynamic force
expression above only considers viscous forces contributing to

the strength of the moving bridge and neglects all other forces
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such as surface tension and pressure forces. A more complicated
model is necessary to predict the measured values over the entire
range of separation distances. It should be stated that the
Weinbaum and Caro (1976) relation (Eq. (4.15A)) would give a
worse comparison to experimental data than the Adams and Perchard
(1984) relation because the Weinbaum and Caro relation predicts
forces four times larger than the Adams and Perchard relation.

To observe the effects of separation velocity on the
strength of the bridge a set of experiments were performed and
the results for a 10 poise fluid are shown in Figure 4.29. It is
seen that increasing the separation velocity has the same effect
as increasing the viscosity of the fluid. They both act to
increase the dynamic force. The general trend of these results
is embodied in Eq. (4.21) where the force is directly related to

' the sphere separation velocity. Figure 4.30 compares experimen-
tal results taken from Figure 4.29 with model predictions using
Eq. (4.21). Once again, for a range of separation distances the
model fits the experimental results reasonably well. Figure 4.31
shows similar results as Figure 4.30 but for a 5 poise fluid.
The maximum forces versus separation velocity with viscosity as a
parameter for a group of experiments performed is shown in Figure
4,32, Increasing viscosity at a given velocity results in an
increase in the dynamic force.

Figure 4.33 shows dimensionless force versus dimensionless
displacement using Ace Plastic Coating #3100. This non-Newtonian
fluid is the same one used in the fluidized bed liquid coating
experiments (see Section 3.3). Because of its non-Newtonian
character the shapes of the curves obtained during these experi-
ments are somewhat different from the previous ones. Similar
experiments using the same binder (liquid) but with a liquid
bridge volume of Vb = 0.9uL were also performed and as a result
Figure 4.34 shows the variation of force versus velocity for Vb-
2uL  and Vb- 0.9uL bridges. As seen the dynamic bridge strength
can reach as much as 500 times the value of the static bridge
while the dependency on bridge volume is negligible. In fact,
for the case of this very viscous fluid, as long as there is’
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fluid in the>gap between the two spheres viscous forces occur and
are not very sensitive to exactly how much fluid is in this gap.

Experiments were also performed on a smaller sphere size of
radius R = 0.0794 cm to see how different size spheres affect the
value of the maximum force. Figure 4.35 shows the dimensionless
force versus dimensionless separation distance for a Dow Corning
Silicone fluid of viscosity n = 10 poise and bridge volume Vb -
.06pL. Figure 4.36 compares the data from Figure 4.35 with the
model prediction using Eq. (4.21). Similar trends are seen as in
the case of larger spheres, except for the fact that the overall
dimensionless force 1is smaller than for the larger spheres.
Additional experiments were performed with a 125 poise Dow
Corning fluid and these results are shown in Figure 4.37 as
maximum force vs. separation wvelocity with viscosity as a
parameter. This figure shows the strong dependence of the maxi-
mum force (strength) of the 1liquid bridge as a function of
viscosity. Similar experiments using Ace Plastic Coating #3100
and smaller spheres together with the comparison to the model are
shown in Figure 4.38. It is noticed that there are less data
points when the smaller size spheres are separating as compared
to the larger spheres because the bridge ruptures sooner and at
shorter distances.

The experimental results have shown that viscous dissipation
due to the 1liquid bridge has a very significant effect on the
overall strength of a sphere-liquid-sphere system. The inability
of wusing these results to furthur refine the model of minimum
fluidization velocities of an agglomerating bed (Section 3.2) is
attributable to two major difficulties. The first is that the
best model for the dynamic bridge (Adams and Perchard, 1984) does
a fair job of predicting the strength of the bridge only for a
limited range of separation distances. Thus the Adams and
Perchard model is much too crude in the present form. Secondly,
the measurement of relative particle velocities in a fluidized

bed which is a required known quantity in the Adams and Perchard

model has not been measured.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-144-

FORCE <——D>
103 T L] T 1 T ¥ ) T )
] ‘&)IMENSIDNLESS FORCE US DISPLACEMENMT |
N [}
13 -
= N VELODCITY <(CM”S> -
9.6
T . [ ] — — —— -4 h
EQ. 4.21 { — — - ~ g_z
T
=
ey
-
102 =
s
.3
ol
s
x
s 2
=
)
1 T ¥ L L3 L] ‘* L v L)
107 o, o.20 O. a0 .60 ©o.80 1.00
DISPLACEMENT (——>2>
Figure 4.38 Dimensionless force vs. dimensionless displacement with

separation velocity as a parameter; comparison of model
to experimental data (Fluid - Ace ‘Plastic Coating #3100,
n=100 poise, vb=0.06uL, R=0.0794 cm).
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

A theoretical model was developed to predict the limiting
velocity, Us’ below which it is unsafe to operate a fluidized bed
in which cohesive forces between particles are produced by the

~ presence of a sticky fluid, a coating, or by softening or sinter-
ing of the granules' surface due to high temperatures. The model
is based on a fail-no fail criterion of the largest aggregate
formed in the bed (which in the limit can be taken equal to the
size of the bed) and therefore cannot be used to predict the
agglomerate size beyond the limiting condition characterized by
the excess velocity, U -u . At gas velocities higher than the
limiting wvelocity, Us' smaller agglomerates will obviously form
since more energy 1is imparted to the bed from the gas; the
modelling of this dynamic behavior was not attempted in this

research and was left for a future effort.

For the injection of liquid material in the bed, the limit-
ing wvelocity, Us’ was seen to be dependent on the dimensionless
amount of 1liquid added as well as measurable bed and fluid
properties. For agglomeration due to temperature effects, the
theoretical model requires knowledge of two fundamental physical
quantities, the surface viscosity, g and the sinter neck yield

stretigth, o, both as functions of temperature.

Surface viscosity measurements can be performed using a
dilatometer and the yield strength can either be estimated using
adhesion theory or calculated from experimental data. It was
demonstrated that the minimum sintering temperature TS occurs at
the temperature where the surface viscosity undergoes a sig-
nificant change in magnitude over a very small temperature range.
At temperatures below T, destabilization due to agglomeration is
of no concern, but above this temperature higher gas velocities,
as predicted by the model, were necessary to maintain stable
fluidization.
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It was shown that using a small sample of granular material
and a dilatometer, surface viscosities at high temperatures
approaching the melting point can be measured. The surface
viscosity-temperature data can be used to determine the minimum
sintering temperature of the material in question, and further-
more, the behavior of the material’s surface under compression at
temperatures close to and above minimum sintering can also be
predicted. Surface viscosity data for a given type of
fluidizable granules can be used in the developed model to
predict defluidization velocities.

It was demonstrated during this study that the minimum
sintering temperature is an inherent material characteristic of
solid particles and determines the 1level at which the solid
surface softens and/or partially melts and therefore creates
agglomeration problems when these same particles are fluidized.
It was shown that during the sintering process certain physical
and thermodynamic changes occur in the solid which can be
detected using a dilatometer, a differential scanning calorimeter
(DSC) or a shear strength measuring device (Instron machine).
For all materials studied, the minimum sintering temperature is
always _lower than the physical melting point, and for the
majority of amorphous materials such as polymers, glass, coals,
etc., this temperature is a transition or a softening point. For
crystalline materials, such as chemically stable salts, the
sintering behavior is complicated by the release of crystalline
water at different temperatures. For these materials additional
agglomeration can occur due to the formation of crystalline
bridges bewteen particles after the water has been released. One
has to disassociate this type of bridge formation from the actual
sintering by performing succesive heating and cooling cycles on
the sample until agglomeration due to water release 1is
eliminated.

Static and dynamic 1liquid bridges between particles were
studied. For static bridges it was shown that under certain
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conditions when the Bond number, Bo, is of order unity and
largér, gravity has a significant effect on the physical charac-
teristics of the bridge, such as distorting the liquid profile,
lowering the attraction force due to the bridge and also causing
bridge rupture to occur at smaller separation distances as com-
pared to the gravity free case. A criteria of rupture which
predicts spreading of the liquid comprising the bridge onto the
surface was developed and compared favorably to experimental
data.

For the case of a dynamic bridge a simplified theoretical
model to predict strengthening of the bridge between two par-
ticles due to their relative motion has been proposed.
Experiments performed on such a system have shown that the
strength of a dynamic bridge is on the average at least one order
of magnitude greater than the corresponding static bridge and
that the model fits the data well for low and medium viscosity
fluids. To obtain a better model, the functional form of the
viscous dissipation force, Fvis’ needs to be theoretically more

accurately determined.

A direct experimental method to measure forces of sphere-
liquid-sphere systems separating at constant velocity has been
developed and confirms the results that dynamic bridges are much
stronger than the corresponding static bridge. The model of
squeezing flow between two spheres proposed recently (Adams and
Perchard, 1984) seems to fit the data approximately but only over

a limited range of particle separation distances.

Possible future work
It could be agreeably argued that the refinement of the

theoretical model proposed for the failure of an agglomerate
which formed as a result of adding liquid in a fluidized bed is
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not closed. Ideally the function F; in Equation 3.4 should have

two additional functional dependencies
*
oo = [(1-€)7,/(eD )]+ Fp(e,Sa,0,x./D,n,vo) (3.4")

namely the viscosity of the coating liquid, 5, and the velocity
of particle separation, V- The influence of the former
parameter was studied during the present work but the latter
poses particular problems. The velocity of particles relative to
one another in a fluidized bed is not an easily determined
quantity. There needs to be more information and research to be
able to accurately determine the distribution of relative
velocities of particles moving toward each other, before the

*
functional form of F, can be completely determined.

Another importaﬁt problem to be solved during future work is
the theoretical analysis of flow within liquid bridges between
two moving particles. This is a particularly difficult problem
in that it involves a continuously changing free surface (liquid-
gas interface) and also a moving contact line (sphere-liquid-
gas). Further complications arise if the motion cannot be
regarded as ‘"creeping flow" and/or the fluids involved are not

Newtonian.

It is believed that the experimental rig to study moving
bridges should be extended to allow for high temperature
experiments. Solid particles can be heated above the minimum
sintering temperature to generate a "soft" liquid layer on their
surfaces and subsequently bridge strength and rupture distance
measurements can be performed. Particle heating can be ac-
complished by using radiation or electric currents.

The fluidized bed agglomerator which was constructed during
the present work, can reach a maximum temperature of about 600°C
and can only operate with compressed air as the fluidization
fluid. These limitations restrict the materials used during the
experiments to relatively low temperature sintering of inert
materials, such as polymers, glass, etc.. A high temperature
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agglomerator (fluidized bed) which can operate with different
active or inert gases should be built. Modifications and addi-
tions can be made to the present system to allow for the use of
different fluidization gases other than compressed air. This can
be achieved by adding a packed bed, externally heated column
under the existiﬁg fluidization section of the experimental unit.
This added section can have the option of using compressed air
from the existing system or compressed gas from a high pressure

storage tank.

Mechanistic models for agglomeration have recently been
poposed. These models examine two spheres colliding and sticking
or bouncing apart depending on the properties of the particles
and the operating conditions (Scharff et al. 1980, Jen and Tsao,
1980). These are then incorporated into a general model based on
population balances to predict agglomeration in a fluidized bed.
The basic wunderlying assumption in these models is that the
formation of agglomerates during collision of two particles
depends on whether the initial kinetic energy is large enough to
overcome the energy required for deformation of the surfaces and
the binding energy. If the particle surface is coated with a
liquid then the total energy dissipated by the particles would be
the integration of the force along the spheres approach and
separation trajectory. Thus an experiment can be performed
whereby the piston first is extended so that the spheres approach
each other and subsequently the piston retracts so that the
spheres then separate. The results of this experiment would
yield the total energy dissipated by the bridge which needs to be
overcome to break the bridge. A preliminary experiment of this
type was performed using the existing experimental setup (since
the gas piston was dual motion the experiment was very easily
performed). Many additional experiments should be performed and

compared to the mechanistic models already proposed.

It is envisioned that the main goal of future research in
this area should be to develop a general theory of agglomeration
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in fluidized beds which, unlike the model already developed which
only determines 1limiting conditions, will be able to predict
agglomerate size as a function of excess gas velocity and other
parameters, from a knowledge of the basic physical and geometri-
cal properties of the particles. The groundwork for the
development of such a model has been laid out in the present work
by studying the strength of moving 1liquid bridges between
particles. Future sets of experiments first should correlate the
relative particle-particle velocities as a function of the
geometric and hydrodynamic characteristics of the fluidized bed
while another set of experimenfs should furthur elucidate
theoretically and experimentally the strength of the liquid
bridge as a function of the physical properties of the bridge
itself and the particle system. The basis of the new model will
be the assumption that under equilibrium conditions, at a given
gas velocity, particle and/or agglomerate pairs for which their
initial energy before collision is larger than the energy dis-
sipated due to the presence of the liquid (molten) bridge will
separate or break while other pairs will stick together and form
larger agglomerates. Thus, the general theory will be applicable
for sintering beds at high temperatures where softening of the
contact point occurs as well as for low temperature beds where a

liquid binder is used.
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APPENDIX A

A.1 Computer programs for solution of Laplace-Young equation

For the solution of the equilibrium shape of a sphere-
liquid-sphere system the solution of Eq. (4.1) was required. Eq.
(4.1) was rearranged to Eqs.(4.2-4.4) which were subsequently
solved by using a fourth order Runge-Kutta method.

dd/dS = (2HoR - BoR) - (sin®/Y) 4.2)
dY/dS = cos & (4.3)
dX/dS = sin & 4.4)

The programs were all written in the APL programming language.
The program that does the actual Runge-Kutta routine is GILL.
The subprogram CALC calculates the liquid profile for a given of
the initial curvature, Ho, and filling angle, . The sub-
program SET contains the form of the set of three equations (4.2)
to (4.4). The first of the two main programs as described in
Section 4.2 is XGXS which calculates by a Newton-Raphson method
the volume of the 1liquid bridge as a function of the filling
angle for two spheres that are a specified distance apart. The
second program MAIN2 calculates, again by using a Newton-Raphson
method, the separation distance of the two spheres when the
filling angle 1is given and the volume is a constraint. The two

main programs and the subprogram are listed below.
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vX6XSL019
{01 HH XGXS ALPHAL
[11  ALPHA¢ALPHAL
[2]  XMINi€2p0
£31 ‘ NEW GUESS FOR H | SEPARATION DISTANCE °
3 bt i !
[5) VOL1<HHU11CALC ALPHA
(61  XMIN1C[11¢S4011-(XMIN+GXS)
(7 17 11 F(HH[11, (XMIN1[11+GXS))
(8] VOL2¢HHI21CALC ALPHA
[91  XMIN1[23€S401]-(XMIN+GXS)
(103 17 11 3(HHL21, (XMINL1[21+GXS))
[11] LOOP2:HHI1J€HHI21-C(XMINIL2]) = ((XMINI1T21-XMIN1{13)=(HHI2]-HHLID)))
[12] VOL¢HHI1ICALC ALPHA
[131 XMINI[11€¢54013-(XMIN+EXS)
[14]7 XMINi€OXMING
[15] HHeoHH
[161 17 11 3(HH[21, (XMINI[2]+GX6))
(171 (U XMINIC2D)C1ET10) /PRINT
{181 +LOOP2
£193 PRINT:‘RP= *,(3RP),’ HO = ',(3HD),’ ALPHA = ', (3ALPHA),'  THETA= ', (STHETA)

201 °'PHE = (180-(ALPHA+THETA)) IS: *,5X[1311x180%(01)

[211 * YO = *,(8X[2;11),' X0 = ‘,(8X(3;11),'  BO= *,(sB0)

(221 * T =',(7)

[231 ° 5 PHE (RAD) Y X  SIN(PHE-THETA)-Y PHE (DEG) "
[28] '  mmmmmemmmmmmemmmmm e mcmc e e—mmm— e e mmemmm——— e oo
[251 12 5 $20v(IN+2)3)

[261 ' FORCE AT TOP = *,(SFORTOP),’ FORCE AT BOTTOM = ‘, (3FORBOT)

(271 * FT - FB
(28] ° VOLUME
(291 12 5 387

'y (3FAF), VOLUME FROM FORCE = ‘', {3VOLFORC)
ylsvon), XMIN = ', (3XMIN), "’ XSEP= ‘', (3XSEP€XMIN-S4[11)
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[01 HH MAIN2 ALPHA1
[1]  ALPHA1¢,ALPHAL
[21  let
31 VOL1€2p0
(41  VVeHHH¢FFeXSe (pALPHAL) O
[51  XY&(2,(2xpALPHAL)) PO
(6] LODP1:+(I>(pALPHA1)) /FINISHED

71

(83«

91 '

[10] 'NU. | NEW GUESS FOR H { VOLUME | ALPHA= ',3ALPHAI[I]
B I T T
{127 ALPHA«ALPHALLI]

(131 Ilel

[14] VOL1L[1J¢HHI1ICALC ALPHA

[15) VOL1[21¢HHI2ICALC ALPHA

161 2 0 16 & 16 6 (0, HHL1],VOLIL1])

[171 2 0 16 & 16 & 3(0,HHL2],V0L1L2])

[18] LOOP2:HHL1)€HHL2]- ((VOL1[2] ~YOLUME) = ((VOL1[23-V0OL1T11)=(HHE2]I-HHL1D)))
(191 I11ell+l

[203 +(I1>12)/END

£{21]1 VOL1[11€HHI1ICALC ALPHA

{223 HHeoHH

[23) VOL1eOVOLY

[24) 2 0 14 6 16 6 8((11-1),HHE2],vOL1L2])

£253 ({1 {VOLUME-VOL1{21))<1E"6)/TEST

{261 +LO0P2

£273 TEST:2{(~/(Z0vIN;31I>71ET6))/PRINT

(281 ‘WARNING SHAPE OF PROFILE 1S PHYSICALLY UNREALISTIC’

£291 °* °

{301

[311 PRINT: 'RP= ', (3RP),"’ HO = ', (5HD),’ ALPHA = ', (SALPHA),’ THETA= ‘,3THETA

[321 °PHE = (1B0-{ALPHA+THETA)) IS: ‘,8X[1;11x180%(01)

(331 ° YO = ', (3XK[2;11),' X0 = ,(3X[3311),’ BO = *,(§BO)

(341 T = ',(3T)

(351 5 PHE (RAD) Y X - SIN(PHE-THETA)-Y PHE(DEG) "
[36] '  —mmmm—mbemmmmmmmm oo e e mmmmm e eSo s ssossmo s
[37] 12 5 SIL(IN-2)+414;]

(381 ‘FORCE AT TOP = ', (3FORTOP),' FORCE AT BOTTOM = °, (3FORBOT)

[391 ' FT - FB = *,(3FAF), ' VOLUME FROM FORCE = *,(3VOLFORC)

[401 °  VOLUME = °,(3VO0L),’ XMIN = ', (3XMIN), " XSEP= ", (3XBEP€(S4L11-XNIN))
411 12 5 &§S7

£42) HHHIIJ«H

1431 VVIIleVOL

£44) FFLIJ¢FORTOP

£45]1 XSCI1e¢XSEP

461 ALEALPHAL

[471 XYL[13((2x1)-1),(2x1)J€X0251],XL3;51])

£481 XY[2;((2xl)-l),(2xI)]+S3[1],S4t1]

[49] 1lel+t

[501 +LO0OOP1

511 FINISHED:*0

[52) END: 'NO CDNVERQENCE TOWARDS SOLUTION ‘,(311-1)," ITERATIONS TRIED’
(531 ‘ALPHA = ', (5ALPHA),’ IS PROBABLY TO SMALL’

{543 20
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[0) ReT GILL X3;A3B3CyD;EsFsOiNsM3XX5Z5Y
€11 Aet )
{21 YeFeReXXe ((p XD 1)p, X
£31 Be¢ 0.5 0,2928932188 1.707106781
[4) Ce 1 0,5857864376 3.414213562
(5] E¢ 0 0.121320344 ~4,121320344
[6l BILLDATARETL11,,XX
171, +(T011>T021)/32
8l Med
[9) D¢T[31:2
{101 A€TL13+0,D,D,2x%D
[111 XXe({p,X),1)pGILLDATALO(1+pGILLDATA) -1p,X]
[12]1 Ne¢d
(131 0«(p@)poO
[143 FeAINISET XX
{151 XX€XX+BIN1Ix2xDxF-Q
[161 Q&(CINIxF)+EINIxR
(171 +(32NeN+1) /14
[1B1 XXeXX+(D=3)x((TL1)+2xD)SET XX)-2xQ
[191 (M= 2 3)/ 22 24
({201 YeXxX
(211 DeD=2
[22] MeM+t
[231 +10+2xM=3
[241 »CCL0/1,XX=-Y)<TISIx 0.01 1),(TL3IIETLAT))/ 27 30 30
£25) TC31TC411T(31=2
(26) 48
(271 GILLDATA¢GILLDATA,(TL11€TLL1I4TI3T),,XX
[281 TL336TLIIx2
(291 7
{301 GILLDATA<GILLDATA,(TC11eTL134TI31), XX
1311 97
[32] GILLDATA€(({pBILLDATA)=1+p,X),1+p,X)pGILLDATA
[33]1 40

YLSORIO)Y
[0] A&N LSGR XY .
(13 REXYL;21BXYC;130.+ 14N+

VSETID)v
L0 XX&¢T SET X;A3D;M;N;AL;A2;A3
(1) Afe(T1XC(10X[1512)+(XT1;1I%X2;11))),0,-BO
(21 A2¢((20X01311)+X01310),0,0
(31 A3e((10X[1;11)+X[1311),0,0
(41  Ae(3 3)pAL,A2,A3
(51 A De¢(3 3)po0
[61 A Me(3 1)p0
(71  Ne(3 1)p2xHOXRP,0,0
[B1 A XXe(A+.xX)+{D+, xM)+N
{91 XX€(A+,xX) +N
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vCALCLO1Y
[0]1 @Q¢H1 CALC ALPHA3;S5;Z1
(11 HOeH1

(21 Xe¢ 3 1 pl(o(180-(ALPHA+THETA))=180), (10(0ALPHA=180)),0

[3) RET:T GILL X

4] TE1¢(10(BILLDATAL;2]-0THETA=180))-GILLDATAL;3]

[5) TE2¢GILLDATAL;21x1B80=(0})

(6] 1¢GILLDATA,R((2,(pTEL1))pTEL,TE2)

{71 P1el0351<71IETS

{81 IN¢P1v]

{9 +((IN+2)>¢{14pZ)) /PRINT

[10) Z21¢ZL((IN-2)+1.4)31]

[111 S4¢2 LSOR Z1(; 5 4]

{121 G512 LSOR Z1i[y 5 1]

[131 5242 LSEBR Z1[; § 21

(143 S3¢2 LSOR 7I1l; 5 31

{151 5642 LSGR I1(; 5 &1

{163 712¢GILLDATAC(vIN-1)3143,01161011,5201],83[13,5411]

(171 VA¢(o1)XINTEGRAL1((2,(14p22))pZ20;43,(220;31xZ2[;31]))

[18] Vi¢(o((1-1x20(0ALPHA+1B0))#2)=3)x({3%1)-(1-1xX20(0ALPHA+180}))
[191 VV2e1-1x(20(0(56011-THETA)=180))

{201 V2¢(0(VV2#2):3)x((3%1)-VV2)

[211 VOLeVA-(V1+V2)

[22] " XMINé(2%1)-1x(20(0ALPHA+180))+(20(0(56[11-THETA)=180))

[231 5S¢ 12 4 §57¢51[(1),52011,530(11,54(13,0,56[1]

(241 FBO¢S3T1IxS3I[11IxXBOXS4A[1]

[25) FORTOP«(2xS3[11x(10(056011+180)))+ (" 2x5301IXSIL1IxHOXRP) +FBO
[26) FORTOP¢FORTOP-(BOxV2:01l) .

[27) FORBOTe(2xZ201331x(1022013;21))-2%x2201531x2201;31XHOXRP

{28] FORBOT¢FORBOT-(BOxVizol)

[29) FAF¢FORTOP-FORRBOT

{301 +(B0=0)/TESTBO

[31] VOLFORC<¢(oFaF)=BO

[32) RET2:00QeVOL

[331 90

[341 PRINT: 'NO CHANGE IN SIGN DETERMINED. INTEGRATION HAS TD BE’
(351 °‘CARRIED FURTHER, T[2) RESPECIFIED FROM ',(37[21-0.2)," TO *y(8TL21€T02140.2)
(341 RET

{371 TESTBO:VOLFORC«¢O

[38]1 9RET2

VINTEGRALILOIY
[0 R¢INTEBRALY X3T3;0
(1l 33K 2=ppX
{23 40,p0¢ REQUIRE MATRIX ARGUMENT'
£31 TeX01i3]
£4] X¢ 1 0 X
£51 IBXL(2€PT) A/ T=He1 T4 T=-"1 07
[6] RE(O 1 #X+710X)+.XT=2
£71 30
[83 Re (H=6) XX+.%X2, (("1-0-pT)p 8 4),(140)p 2 O +3Ix0«21pT
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A.2 Computer prdgrams for the solution of sphere trajectory of a
dynamic bridge

In order to solve for the trajectory of a moving sphere
falling due to gravity which is part of a two sphere doublet
surrounded by a liquid film, Eq. (4.17) was solved:

*

2 F
d” € 1 dé c
(1-=—=) == { M@ g+t (4.17)
dr a
The above equation was rearranged by letting:
dé
a—1-_ u
so that two sets of first order equations were obtained:
F*
du 1 c
&~ @Y aca 4.1
d¢
il (A.2)

These equations were also solved using the fourth order Runge-
Kutta method wusing the GILL subprogram. The main program that
performed the computation was DNSEP along with the subprogram
SET.
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VDNSEPLODlv
{03 DNSEP 1521312;51;52;1IN;P1
{11 @ PROGRAM TO CALCULATE THE DYNAMIC SEPARATION TIME
{21 @A FOR TWO PARTICLES CONTAINING A LIQUID BRIDGE
{31 A THE FOLLOWING PARAMETERS ARE REQUIRED

{41 ‘A AA ~-- DIMENSIONLESS VISCOSITY TERM

{5 s CA -- CAPILLARY NUMBER

6] A FC -- FORCE DUE TO SURFACE TENSION AND PRESSURE

[71 = DIFFERENCE BETWEEN PHASES

(83 & VB -- VOLUME OF BRIDGE

{91 & FACT -- PROPORTION OF SEPARATION DISTANCE THAT CONTAINS
[10) A THE THREADLIKE CYLINDER

[111 X& 2 1 po0,1

(121 ST:T GILL X

[131 Z1¢GILLDATA

143 Le((VBXx04)*(1:3))%FACT

[151 INe(P1€Z1033000)vl

16 H(CIN+3)>(14p71))/PRINT

(171 TIME | DIM, VELOCITY | DIM. DISTANCE’
[18] ' s-ceccmmeermcmm e s e s s s s s s s m oo s e s e !
r1ey -~

[20 7 4 16 6 16 6 311

[21) Z2¢Z10(CIN-3)1+06)31]

{221 S1e€4 1sqr 1203 3 1]

[23]1 82«4 1sqr 120(; 3 21

(241
(251 AR = ', (3AR), CA = ',(3CA),’ FC = ', (3FC)
(261 VB = ',(8VB),’ L = ',(5L),' FACT = ', (3FACT)

{271 'DIMENSIONLESS TIME OF RUPTURE 1S: ',(¥L19S1)

{281 °'DIMENSIONLESS VELOCITY AT RUPTURE 1S: ',(35L1052)

291 20

{301 FRINT: 'RUPTURE NOT YET REACHED. INTEGRATION HAS TO BE CARRIED’
{311 'FURTHER, T[2] RESPECIFIED FROM *,(sT(21)," TO "L (3TL21€TL21+40.2)
[321 ST -

vSETLOIY

[0 XX¢T SET X3A3D;M3N

[11  Ae(2 2)p( 1:AAXXL2511),0,1,0
(21 Dé(2 2)p0

(31 Me2 1)p0

[4]  FCeX[2;111PCI

{51  $(FC<0.32)/LIMIT

(6] RET:N¢(2 1)p(1-FCAAXCA) ,0
[71 A XX€(A+.XX)+(D+.XM)+N

[8]  XX&(A+.XX)4+N

91 30

101 LIMIT:FC€0.32

(111 SRET /
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A.3 Computer programs for data collection

The programs for the various experiments were written by the
author. The recording of dilatometer data for the contraction
vs. temperature experiments described in Section 3.5 was ac-
complished by wusing a MINC 1l minicomputer and the CONTEM basic
program. In order to measure surface viscosity (see Section 3.4)
contraction vs. time data was obtained using the CONTIM basic
program. In the fluidized bed experiments (see Section 3.2) the
FBED basic program was used. The FBED programs required inputs
from the keyboard as to details of the experimental run i.e. type
of particles used, particle size, date etc.; its only experimen-
tal input was rotameter velocity which used pressure and
temperature signals coming into the computer to correct the
velocity to bed condtions. All other temperature and pressure
signals were recorded automatically. The pressure drop across
the bed and the pressure drop across a specified distance along
the bed (to measure porosity) was also performed by the program.
To measure pressures and stress fluctuations the PLATE basic
program was used. This program collected 4096 sets of data
points for storage into data files which were later analyzed to
obtain peak information and Fourier Transform results. For the
sphere-liquid-sphere experiments (see Section 4.2) an IBM-XT
microcomputer was used with a Data Translation board. The static
bridge strength experiment used the STRAIN basic program and the
experiments with the moving piston used the PISTON basic program.
The STRAIN program collected force data automatically at a given
separation distance. The separation distance was measured from
the Nikon 6C microscope screen and was entered from the keyboard
of the computer. The PISTON program first activates a relay with
a Digital Out signal that changes the air flow going to the
retracting piston. Subsequently, the program collects and stores
strain gauge (force) and LVDT (displacement) data into a data
file.
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10 REM Frodgram to record Exransion/Contraction vs., Temperature

éo KREM from a Nilatometer Exreriment
70 FRINT ‘CONTRACTION VS. TEMFERATURE EXFERIMENTYT

40 FRINY ‘ENTER TYPE OF PARTICLES ‘3% \ LINPUT M$

%0 FRINT ‘ENTER SIZE OF PARTICLES (CM) ‘% \ 1INFUT H1
60 FRINT ‘ENFER RUN NUMBER’$ \ LINFUT A%
70 PRINT ‘ENTER INITTAL LENGTH OF SAMFLE *

7% FRINT ZENTER LOWER LIMIT OF TEMFERATURE ‘3 \ INPUT T8
00 PRINT ‘ENTER UFPER LIMIT OF TEMFERATURE ‘3 \ INFUYT 19
27 FRINT ‘ENTER HEATING RATE (BU/MINYY ‘35 \ INFUT HS

84 89=(T9-T8)/HIXk60/%00 ‘

g5 FRINT ‘FOR S00 DATA SETS T0 RE STOREDI THE SAMPLING’

96 FRINT USING ‘INTERVAL SHOULT RE ##¥.43% SECONOS’»S9

00 FRINT ‘ENTER SAMPLING INTERVAL (SEC) 7§ \ INFUT 81

100 FRINT ‘ENTER GRAMS OF WEIGHTS T0 KE ADDED ‘5 \ INPUT W
122 FPRINT ‘MAKE SURE EXFANSION SIGMAL 18 ON CHANNEL 17

194 PRINT “OND FHERMOCUOUPLE LEANS ARE ON CHANNEL 16/

130 FRINT ‘IS MEASURING HEAD ZEROED (Y/N)? 7§ \ XINPUT C1%
140 TF C1$=/N’ THEN 170 \ [F C1%$='n’ THEN 170

150 IF Cl$=/Y’ THEN 210 \ IF Ci$='w’ THEN 210

1640 GO TO 130

170 GOSUR 840

180 GO TO 130

190 FRINT ‘MAKE SURE EXFANSION S1GNAL 18 ON CHANNEL 17

200 FRINT ‘ANLD THERMOCOUPLE LEANS ARE UN UCHANNEL 167

“10 PRINT "ENTER AMPLIFICATION VALUE ON DILATOMETER®

21% PRINT *VALID VALUES ARE 100000 DR 10000%5 \ INFUT C2
216 IF C2=100000 THEN L8=1 \ GO 70O 2240

a7 TF 02=10000 THEN L.8=10 \ GO TO 240

218 60 TO 210

220 IF C24='Y’ THEN 240 \ IF C2%='y’ THEN 240

230 G0 TO 19G

240 FRINT ‘ENTER THE FILENAME OF THE SFECIF
250 FPRINT ‘ENTER THE FILENAME OF THE DATA F
251 S¢="NY11"45¢ '

252 DE="DYLILTHDY

25E LBl , ,

260 OPEN % FOR OUTFUT AS FILE #2

270 PRINT #2+A%

DH0 FRINT #29We s/ eS10 s sHS "9 "9 T8y 219,
D290 PRINT ¥25L0

00 PRINT #2sHL

410 FRINT *2,M$

G20 FRINT #2,09

32C CLOUSE #2

240 FRINT ‘START EXFERIMENT RY FRESSING STARYT RUTTON ON’
350 FRINT ‘THE DILATOMETER. AKE YOU READY? ‘ \ INPUT CA4$
360 IF CA4%='Y‘ THEN 380 \ IF C4$=‘y’ THEN 380

370 GO TO 340

380 NIM Q(2000)

381 LIM #1.0(2000)

382 OFEN D$ FOR OUTFUT AS FILE #1

390 T ,
L AG0 ATHGRCI41) 990 1)

# \ INFUT LO
;
;

1CAT
TLES / N\ LINPUT D$
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1000
1010
1020
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1040
1050
1060
1070
1080
1040
L1000
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TEMFERATURE("KoC®*» 14sQ(1))

TF QCI+1)>.%9 THEMN GOSUR 1000

TF Q¢I+1)«~,9 THEN GUSUER 1000

REM Convert from volts to elondation
REM in units of Centimeters
QUIFL)I=QCT+1)%X,0254/1.0%I1.8

VB$='"TENF= #%3.¥% ELONGATTON/LO= 23,8777 VOLTAGE= ##.9%
FREINT USTNG V8$,QCD) QI+ 2 QI+ %0/, 025%1.8)

DIy =Q¢1)

S DLTHI)=QCTHL)

IF T:=2000 THEN %00

1IF QCINHT9 THEN 495

T=I+2

FAUEE(S1)

G0 TO 400

CLOSE #1

G0 TO 531 .

IM #3,802000) -

(IFEN D% FOR OUTFPUT AS FLLE %3

G RLOCKMDUVECRC(L) »S5(1)»2000)
D CLOSE #3

OFEN S% FOR OUTFUT AS FILE #+4

o PRINT #4,A%

FRINT #4+sWe s/ »81y 2/ sHTy "9 "9T8Be v 979
FRINT %#45L0O

; FRINT #4,H1

FRINT ¥#4sM¢
FRINT £4,0%
FRINT #4,(1-1)/2
CLASE %4

; GO TO 220

REM Subroutine ta zero measuring head
FOR L=1 TR 20
FAUSE(L)
AIN(sVsyrsel)
WINT V
NEXT L )
KRETURN
GO TO 1100
FOR K=1 TO 20
FRINT ‘RESET MAGNIFICATION ON DILATOMETER TO 105000X “+CHR$(7)
FAUSE ( +25) '
NEXT K
FRINT ‘HAS MAGNIFICATION ON DILATOMETER REEN CHANGED (Y/N) ‘3
1F C%%='Y’ THEN 1070 \ [IF C8%$='ygy’ THEN 1070
GO TO 1040
REI+L)Y=RCI+1D/710
L8=10
RETURN
EMD
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10 REM Prodram to record Expansion/Contracion ve, Time

20 REM from a Dilatometer Experiment
30 FRINT ‘CONTRACTION Vs. TIME EXFERIMENT

40 FRINT ‘ENTER TYFE OF PARTICLES ‘% \ LINPUT M$

50 PRINT ‘ENTER SIZE OF PARTICLES (CM) ‘3 N\ INFUT H1

60 FPRINT ‘ENTER RUN NUMBER’F \ LINPUT AS$

20 FRINT ‘ENTER INITJTAL LENGTH OF SAMFLE ‘3 \ INFUT LO

25 PRINT ‘ENTER TEMP. AT WHICH HEATINIG RATE WILL CHANGE?

26 PRINT ‘ENTER ZERD (0) IF NO CHANGE TN RATE ‘3 \ INFUT 79
77 IF T9=0 THEN T9=2000 )

80 FRINT ‘ENTER S0AK TEMFERATURE ‘% N\ INFUT T

90 PRINT ‘ENTER GRAMS (OF WEIGHTS TO BE ANDEN ‘57 \ INPUT W
100 FRINT ‘ENTER SAMFLING INTERVAL REFORF SOAK ‘% \ INFUT S1
110 PRINT ‘ENTER SAMFLING [NTVERVAL AFTER SUDAK ‘3 \ INPUT S2
120 FRINT ‘ENTER NUMBER OF DATA FOLNTS AFTER S0AK ‘3 \ THFUT Ni
122 PRINT ‘MAKE SURE EXPANSTON SIGNAL TS ON CHANNEL 1°

124 FRINT ‘AND THERMOCOUFLE LEADLS ARE ON CHANNEL 167

130 FRINT ‘IS MEASURING HEAT ZERDED (Y/NY? ‘3% \ INPUT C1$
140 IF Ci$=’N‘’ THEN 170 \ IF C1$='n’ THEN 170

150 IF C1$=’Y’ THEN 210 \ IF Cls='yg’ THEN 210

160 GO TO 130

170 GOSUER 840

180 GO TO 130

190 FRINT ‘MAKE SURE EXFANSION GIGNAL 1S ON CHANNEL 17

200 PRINT ‘AN THERMOCOUFLE LEADS AKE ON CHANNEL 167

210 FRINT ‘IS AMFLIFICATION ON DILATOMETER AT 1009000X ‘Y \ 1NFUT ces
220 IF C2¢='Y’ THEN 240 \ IF C2%='w/’ THEN 240

230 G0 TO 190

240 FRINT ‘ENTER THE FILENAME OF THE SEECIFICATION FILE ¢ \ LINFUY 5%
250 PRINT ‘ENTER THE FILENAME OF THE DATA FILES 72 \ LINPUT Ii$
240 OFEN S$ FOR OUTFUT AS FILE $2 '

270 FPRINT ¥2,A%

280 PRINT #QvT!'v'er'v’vSlv’v'vSQv’»';Ni

290 FRINT #2+L0

300 PRINT ¥2sH1

210 FPRINT #2/M%

320 FRINT #2,D%°

330 CLOSE #2

340 PRINT ‘START EXPERIMENT BRY FRESSING S1ART RUTTON ON’

350 FRINT ‘THE UILATOMETER. ARE YOU READY?. / \‘INPUT_C4$

740 TF C4$='Y’ THEN 380 \ IF C4%$='w’ THEN 380

370 GO TO 340 .

380 DIM T(600)+E(600)

390 I=1 o

400 AIN(SE(I)yerl)

410 TEMFERATURE("KsC*916TCI))
420 REM Cornvert from valis to elaondgation

430 REM in units of Centinelers
440 E(IN=E(I)%X.0254
445 UB$='TEMP= #¥%.%% ELONGATION= F%.¥¥$7°77" VOLTAGE= #%.%3%% '
AS0 FRINT USING UB$.T (D) PECI)PE(I)/ 0254
4460 YF T-T(IY<2 THEN 3500
441 IF T9-T(1)<2,THEN 491
- 470 I=141..
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430
420
491
492
453
494
495
494
497
498
499
500
G510
G20
B30
$540
Beo
Y40
570
480
4990
600
610
\{i 2 O
HJ30
440
OH0
& \‘.n 0

L0
(¥

680
&0
700
710
720
730
740
70
760
;80
780
790
6300
210
020
ERIe
040
QEO
360
870
aeo
390
400
10
930
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FAUSE(SL)

GO TO 400

FOR K=1 TO 10

FRINT CHR$(7)

FAUSE(1)

NEXT K

FRINT "RESET HEATING RATE! ARE YOou REARY TO
FRINT ‘RESTART FROGRAM‘F \ LINFUT N9$

IF [9%=‘Y’ THEN 499 \ IF N198=79y’ THEN 499

GO TO 495

T9=2000 \ GO TO 390

REM fhis is when the eureriment bedins

ToR K=1 TO 10

FMRINT CHR$(7)

FAUSE (1)

NEXT K

EFRINT ‘EXFERIMENT NOW REGINS’

FRINT USING ‘INSERY ##%.%¥ GRAMS "yl

FRINT ‘YOU MUST REZERO MEASURING HEAD. READY 7 \ INFUT CHs$
IF C54=/Y’ THEN 600 \ IF Cis=’'w’ THEN 400

G0 10 970

GOSUR 840

FRINT ‘HAS THE MEASURING HEADI BEEN CORRECTLY REZEROQEDCY/N) 7 /5
INFUT 3%

TE ©3$=/Y’ THEN 460 \ IF [38$="w’ THEN 640

IF C3%-‘N” THEN 570 \ [F C3¢='n’ THEN 570 L.
GO TO 410

NIM R(200)

DIM #1,0(200)
START_TIMEC/LINE")

NFEN D[4 FOR OUTFUT AS FILE #1
11=1

AIMNCYQCI1+1)err 1) :
TEMEFRATURE("KsC 16y QCI14+2))D
GET_TIMECQCIL) '
RCI1+1)=0C¢I1+1)%,0254

HeILy =011y’

DCI1+1=QCTI1+1)
DOI142)=0(1142)

FRINT USING ‘TIME= #¥##.% CHN1RQCT19N= LI 0 11 MM TEMP= $33.3

TE @¢r11+1)>? THEN 910

TF ((I1142)/3)x=N1 THEN 210

I1=01+3

FAUSE(S2)

GO TO 710

KEM Subroutine to =zero measuring head
FOR L=1 TH 20

FAUSE (1)
AINCsVyrel)
FRINT V.,
NEXT L
RETURN
CLOSE #1
END

’
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10 REM Frodgram to record data from 2 Fluidized

20 REM Red eureriment.

25 X13$=DATS$ -

30 FRINT ‘ENTER THE RUN NUMBER ‘3 \ INFUT K3

35 PRINT "ENTER GE0 DIAMETER IN INCHES® \ INFUT R

34 R9=32.892/(BXR) .

40 FRINT YENTER THE TYFE OF MATER1AL ‘3 \ LINPUT S1$

50 FRINT ENTER THE AVERAGE SIZEC(em) ‘7 \ INFUT BR1 "

60 FRINT ‘ENTER WEIGHT QF EED(K=) ‘% \ TINFUT R2

70 FRIMNT ‘ENTER SFECTIFICATION FILENAME ‘5 \ LINPUT $58%

7% Q2¢=/NLY1l!/G8¢% _

80 FRINT “ENTER DATA FTLENAME ‘3 \ LINFUT §9%

85 53%=/NY1 4594

0 OFMEN 824 FOR OUTFUT AS FTLE ¥

100 FPRINT #2+81%

110 FRINT #2sB15° s #R2§ "y’ iE3

120 FRINT ¥2,53% ,

121 PRINT #2:X1% .

122 PRINT ‘IS THE TEST SECTION THAT MEASURES RED VOIDAGE

124 FRINT ‘ATFACHED TO THE BEU (Y/N) ‘3 N LINPUT N1$

126 FRINT ‘OK FELLA HOW MANY TEMFERATURE FOINTS YOU WANNA SEE ‘¢
140 R=0

150 FRINT ‘ENTER # OF VALUES USED 70 AVERAGE FRESSURE REARINGS ‘%
1560 FRINT ‘ENTER SAMFLING INTERVAL IN THE AVERAGING UOF THE PRESSURE
170 INPUT S2

180 55=2%81

181 OFEN ‘LF!’ FOR OUTPUT AS FI1LE #¥7

162 PRINT #7902 XKKK00OKKKKKKORKKKKKKFRES » TIROF Vs VELOCLITY EXFTXXX%X%
183 FRINT #/9 LEGENNS QR=ROT0O VEL.(SCFH) LVU=LXNEAR VEL . (CMH/SEC)
164 FRINT #7y/F DROP(CM H20) DFR=F DROF IN RED TRR=T HKEFORE BEDN
185 FRINT ¥797 ’

186 FRINT %7y AGGLOMERATION EXFT. NO. 77 \ FRINT #79+R3

127 PRINT #/9°TYFE OF MATERIAL=’F \ FRINT #/,51%

180 FRINT #7»/AVERAGE FARTICLE S1ZE (HESH)='F \ FRINT #7+R1

105 PRINT #79 COLUNN DIAMETER= “3 \ FRINT #/»R

150 FRINT #79/THE FILENAME IS(DAT) 7§ N\ PRINT #7+83% \ CLOSE #7
191 FEINT ‘NUMBER OF DAYA FOINTS TAKEN 80 FAR I8! ‘iR

192 PRINT ‘STORE DATA ON FILE (F) OR JUST DISFLAY (D) f

154 FRINT ‘OR STOF THE TAKING OF UATA FOR THE RUN (STOF) 3 \ LINFUT BR4$
154 IF EB4$='STOF’ -THEN 1240 \ I1F R4$=’slor’ THEN 1240

"0 FRINT ‘ENTER THE ROTAMETER VELDCITY (Ptk3/mind) ‘5 N\ INFUT QO
205 M9=Q0 \ KREM THIS IS FOR THE LF PRINT STATEMENT #1232

214 REM LINF 215 NECESSARY FOR SCFH ROTOMETERS )

215 QO=Q0/60

220 FRINT ‘ENTER THE ROTAMETER TEMFERATURE (@F) ‘5 N\ INFUT R7

230 R3I=(R7-32)/1.8

231 nIM Z¢40)

232 AINC»Z(1)94094154)

o3I §=0

234 FOR I=1 TO 40

230 SmBHZ(T)

D36 NEXT I

237 Re2=5/40

240 Q=ROXSARC(273%R3)/(25281% (14, 7+k2))) \ REM m3/min
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sea REM R is the correcled volumetric flow at the Rotameter
ERINT "CORRECTED ROTAMETER VELOCITY 18 (m3/mind? ‘3Q
2EM Get the Temrerature of the air
GaQ '
OIM RL(20D
For I=1 70 3
TENFERATURE (/KT v175T1)
4=54T1
NEXT T

AL=873

2o tneo

Jo0 FOR I=1 TO 3

oy TEMPERATUREC/KSC/ 918,T2)
Sud §=34TE

mef NEXT T

400 DIM FLE200)

110 VIM E(S512)

Ve I 7Y

v Ve Wm0

) AT 11985482929 2)

A0 523=0 \ 84=0 i

450 FOR I=1 TO S1 STER 2

ast S3=PlCI)RSREE3

4790 54=P1(T+1)%¥52+84

S50 NEAT 1

AnG PrESIRl0/(S1XE2/D)

S0 P4=R4%10/(81KBR/2)

Say TE Dld=/N’ THEN F4=0 \ IF Dis$='n’ THEN F4=0

YO AINCsFRL(LY»2098294)

D UT=0

s FOR [=1l TO 20 \ 87=R1(IIKE2+87 N\ NEXT I

Y40 FRELTRR00/(R20%¥52)

wan TE O OS4= N THEN 660 \ IF Qu¢='n’ THEN &60

v ATHOsECY 9513y .01 5)

SHC SE=EL0)4E(S12)

o0 FOR Is=1 TO S11 STER 2N\ Go=Ga+4%XE(TY N NEXT I
soe FAR O I=2 70 510 STEF 2N\ $6=85+2KEC(T)Y \ NEXT I
G50 B6=S54%.01/3

500 Pa=aRS(545/ ¢, 01X612))

L0 REM get the velocitw of the hed usind the ritot
catc PEM lute values

el D=0 .

Gu2 FOR I=1 70 3 -

a0 TEHUPERATURE CPESC" 9199 T3)

Sl 8=5+4T3 .

SH2% HEXT 1

L G383

H3I0 US%SGR(574.549*P6*(A3+?73.J5)/(P5+1034))

40 RENM V4 is the velowikw at the bhed conditions
GH0 anvz*.llélsk((P5+1034)*(AI+R7L.i5)/((P3+1034)*(A3+273015)))
6&3 DIM #1’“(39’6)

HéES 03=((RQ*?O.37)+1034)*(A1+273.2)/((P3+1034)*(R3+273))
GOE N4=R%RP2EQT

L7 TF E4%4='T’ THEN 700 \ IF RA$=‘d’ THEN 700

A0 TF pAtd=cF THEN 490 \ TIF RaAs='f’ THEN 690

Len ppsun 1140 —
2o URINY
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770
780
75
800
510
820
830
840
981
592
886
887
YL
$00
910

TTeRg
230
¢ 40
$50
§40

7

8o
720
1000
1010
1020
1070
1040
1050
1060
1070
1020
1070
1160
1110
1120
1130
1140
1150
11&0
117¢
11680
1120
1200
1210
1220
1225
| 229
1230
1232
1233
1235
1240
12390
1260
1300
1310
1320
1230

Reproduced wi
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F1$="QUC (ft3/min)= #¥%.43 FROT (psid)= #3.%% TROT ()= ¥R . %¥
FRINT USING F1$,Q0/R2yR3 | .

FI$=’/ FP<MBED (em H20)= ##4.#¥% FLFH (cm H20)= &&%.$% '/
FRINT USING F3$,F3sF4

F2¢=’ TBEREL= ####i%.3¥ TOFREU= #3%%.%% ’
FRINT USING F2¢,A1,A2
G3=((R2*70o37)+1034)*(Al+273.2)/((P3+1034)*(R3+273))
Q4=QXE?%XQ3 .
FRINT USING ‘LINEAR VELOCITY TN THE BED T&! $$.88#% (meters/sec) ‘04
GOSUR 1050 “
FRINT ‘CONTINUE DISFLAYING TEMFERATURE C(Y/N) ‘% \ LINPUT S8S$
IF S8%=’Y’ THEN GOSUR 10%H0 \ IXF 88¢='y’ THEN $0SUB 1050
IF S8%='N’ THEN 900 \ IF S8%='n’ THEN 200

GO TO 882

IF Rx=40 THEN 920

G0 TO 191

60 TO 980

AINCsMrrs29)

AINCsNs 9y 3) :

FRINT MsN s '

FAUSE(1) :

G0 TO 930

60 TO 1040

NIM #5+/H(3926)

OFEN S3% FOR INFUT AS FILE #3

FOR K=0 TN 6

FRINT H(R=1sK)#’ 79

NEXT K

GO0 TO 1130

FOR J=1 TO JS

Fos=’ LINEAR VELOCITY= ##%.33%% (m/s) TRREI= #2323 .%3
TEMFERATURE(/KyC/9175T1)

TEMPERATUREC/KsC/ 2189 T2)

FRINTI USING Fo$rQ4,T1,T2

FaUSE(2)

NEXT J

RETURN

G0 TO 12490

OFEN 853% AS FILE #1

D(Ry0)=Q0O

D(FRy1)=R2

IH(Rsy2)=R3

D(R+3)=F3

DiRs»4)=A1

N{RyT)=A2

V(R6)=F4

CLOSE #1

R=R+1

OFEN ‘LF$‘ FOR QUTPUT AS FTILE #7

F7¢='ND.=#% QR=#$% LVU=%3%.¥ DET=23.%4 DPR=#3.& TRR=3%3%.%

FRINT %79USING F7¢sRy M9y 0AK100)P3sF4»T1,T2

CLOSE %7 }

RETURN '
FRINT #2+R

CLOSE #2

GO TO 1330

FOR'K=1 TO 200

GOSUBR 1050

NEXT K

END
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REM FLATE.BAS

REM Frodram to record Fressure Fluctustions in a Fluidized Bed
FRINT " *****#***xm******#****#***a***#***xxx#*x**#txxxx*x*tx*'

FRINT * % FRESSURE FLUCTUATIONS ON AN AGGLOMERATE EXPERXMENT X°
PRINT * KXKKKKKKRRKKXKERKEOAEERRKKIRRAXARRRERRREERXRKKKKIARLK KK ®
FRINT "ENTER RUN NUMEER *3 \ INFUT R1

FRINT *ENTER TYPE OF FARTXCLES *3 \ LINPUT T$
FRINT 'ENTER FREGUENGY OF SAMFLING *i \ INFUT F

FRINT "ENTER THE ROTAMETER VELOCXTY (ftk3/min) 5 \ INPUT QO
0O=R0/60

FRINT ¢ XKKKKXKKTHLS FROGRAM I8 FOR FER HOUR ROT
EFRINT * Kkkkkkx +  SEE LINE 9%  RRROERROKXKREKK
ERINT "ENTER THE ROTAMETER TEMFERATURE (8F) *3
UIM 2(40) :

ATN(»Z(1)r40s.1+4)

$=0

FOR I=1 TO 40

S=85+7(1)

NEXT I

R2=%5/40

R3=(R7-32)/1.8

Q=QOXSOR((27I+R3)/(25281% (14,74R2))) \ REM m3/min

REM 0 X8 THE CORRECTEN VOLUMETYRIC FLOW AT THE ROTAMETER
REM GET THE TEMFERATURE OF THE AIR

8=0

85=40

S1=85/2

82=,09

FOR I=1 TO 3

TEMPERATURE(/Ks L 917971)

8=5+T1

NEXT I

Ai=%/3

&=0

FOR I=1 TO0 3

TEMPERATURE(‘K»yC’ 918, T2)

6=54+72

NEXT I !

A=8/3

UIM F1(44) ’
AINCIF1(1)985982+292) :
§3=0 \ $4=0

FOR I=1 TO S&/2 SVEF 2

S3=F1{I)¥52483 '

S4=P1(I+1)%82+53
NEXT I

F3=83%10/(81%X82/2)

F4=54%10/(51%82/2)
03=((R2K70.,37)+10%4)K(AL+273.2) /7 ((F3+1034)%(R3+273.2))

FRINT ‘ENTER RBED NIAMETERCS OR & IN.1 *° \ INFUT B

B1=32.,892/ (RXR) : '

V=0XB1%XQ3

FRINT USING ‘LINEAR VELOCTTY 1N THE BED 183 £3.458% (meterce/sec)
ERINT USING ‘TOT P DROP ODVER THE RBED IS ¢ #€.4%¢ (CM H20) ‘»F3
NIM $1,Y(4097) :

DIM X(2047) ‘

PRINT 'ENTER SFECIFICATTON FYLENAME ®i \ LINFUT 5¢

OMETERS RXkXEXXXK*
b2 2 B
INFUY R7
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460 FRINI "ENTER DATA FYLENAME "3 \ LINFUYT Ds

470 S1$="DY1!"4S%

480 M1$="DYL1*+U$

490 OFEN S1$ FOR OUTPUT AS FTLE #2

500 FRINT $2sR1s 92/ 2Fr’ 2’V

510 FRINT €2,7$

520 FRINT #:2,01¢

530 C1L.OSE #2 o

540 PRINT "ARE YOU READY 70 START 1THE COLLECTI0ON OF DATA (Y/N) "3
550 LINFUT S2¢

560 IF S2%="Y* THEN GOSUR SEO \ 1F &2%="uy* THEN GOSUR 580
570 GO TO 540

580 OFEN [1$ FOR OUTFUT AS FILE #1
592 [4%Z=0

594 13%=0 .

594 AINC/CONTINUOUS 9XC()9s20489F %)
598 WATT..FOR.DATA(XC) s X1%)

599 IF 14%=4 THEN GO TO 610

600 BLOCK..MOVE(XCIL1Z) oY (L3%)»1024)
602 I4%Z=14%+1

604 13%7=13%+1024

607 G0 TD 598

610 CLNOSE #1

620 PRINT ‘DO YOU WANT 10 SEE PLOT (Y/N) ‘3
630 TIF ES$=Y* THEN GO T0 1105 \ TIF ES¢‘u’
640 STOF

1000 IISPLAY-CLEAR

1005 FRINT ‘DO YOU WANT TO CHANGE WINDOW (Y) OR END THE FROGRAM (E)‘
1007 LINFUY E6$

1008 IF Eé%$="Y" THEN GO0 TO 1010 \ 1F E&$="u" THEN GO TO 1010
1009 530 TQ 1110

1010 FRINT *"INFUT WINDOW STATEMENT VALLUES®

1020 PRINT “LOW Xy LOW Yy HXGH Xs» HIGH Y § "5 \ INPUT As»BsC»D
1030 PRINT *SHADE OR LINES *3 \ LINFUT E$

1040 WINNDUWC"EXACT " sAsRsCoIV)

1050 GRAFH(ES$9C-Ar»»X())

1060 STOF

1100 GO TO 1005

1105 GRAFH("L"yrsX())

1106 GO TO 1005

1110 STOF . o

2000 OFEN D14 FOR INPUT AS FILE #6

2010 NIM #65B(A097)

2020 FOR I=4000 TO 4097

2030 FRINT IsR(I)

2040 NEXT I

2050 CLOSE %6

\ LINFUT EDS
THEN GO TO 1105
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980

990

992

994

1000
1010
1020
1030
1040
1045
1050
1130
1140
1150

1160 °
1170 °

1180
1190
1200
1210
1212
1214
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360

-168-

TORERRRRREERERERREER STRAIN ERFEFFRREEREEERERXREXRRERRRLY

.

# Program to record the strength as a function of *
#+ ceparation distance for a static bridge experiment. *
FREREEREREERRRRREREEEERRRRRRRRRERRRERRRRRRE R LR EERRRRRRS

PRINT "STATIC SEPARATION DISTANCE VS. FORCE EXPERIMENT®
INPUT "Enter filename: ",FILES$

INPUT "Enter radius of spheres: ",RADIUS

INPUT "Enter type of liquid: “,LIQUIDS®

INPUT “Enter volume of liquid (Micro-Liters): ",VOL

GOSUB 4000

NUMBERY%=1

DEF SEG=7936 ' This specifies where in memory to place PCTHERM.

BLOAD "PCTHERM",0 ' This actually performs the PCTHERM load.

All variables should be given initial values

before being used in PCTHERM calls.

DIM ANALOG.ARRAYZ(512)
NUMBER.OF.VALUESZ = 512
ANALOG.VALUE%Z = 0
ADC.VALUE = 3
SETUP.ADC = 9 ‘ This is a PCTHERM entry point.
ADC,SERIES = 12 ‘ This is a PCTHERM entry point.
SET.CLOCK.DIVIDER = 45 ‘ This is a PCTHERM entry point,

1}
HIGH.V! = +10! ' Highest voltage in range.
LOW.V! = -10! ' Lowest voltage in range.
RANGE! = HIBH.V! - LOW.V! ' Total voltage range.
NOC! = 4094!

* For 1420 a DT2801/5716 and DT2B05/571é6: NOC! = 65536
‘ For DT2808: NOC! = 1024!

LSB! = RANGE!'/NOC'. " Voltage of Least Significant

The following section sets up the A/D.

1370 °

1380
1390

1400 °

TIMING.SOURCEY = 0 ' Sopftware trigger, internal clock.

Define chahnel scan.,

1410 °

1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530

CLS
INPUT * Enter channel number that is to be scanned ",S5TART.CHANZ
END.CHAN%Z=START.CHANY

IF (START.CHANYZ (= END.CHANY) 60TO 1510

PRINT "In this example program the starting channel number";
PRINT "cannot be greater than the ending channel number.”
GOTO 1430

SCAN.LENGTHYZ = (END.CHANZ + 1) - START.CHANY
NUMBER.OF.SCANS%Z = (NUMBER.OF.VALUESY /, SCAN.LENGTHYZ) - 1
* * This will perform ";NUMBER.OF.SCANS%;" complete scans.”
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1531
1532
1533
1536
1537
1538
1540
1541
1542
1544
1550
1560
1570
1580
1590
1600
1610

1620 °

1630
16335

CLS -169-

PRINT

PRINT :

PRINT USING "So far ### data points have been taken. " jNUMBERY-1
PRINT "Do you want to "

PRINT " (1) Store separation vs. force data on file. "

PRINT " (2) Just display the voltage data. "

PRINT " (3) End the program. "

INPUT CHK1%

IF CHK1%=3 THEN END

!NPUT * Enter the desired Gain (1,2,4,8,10,100 or 500) ",6AINZ
QALL SETUP.ADC (TIMING.SOURCE%Z, START.CHANYZ, END.CHANY, GAIN%)
SCALED.LSB! = LSR! / GAINY * Calculate scaled LSB.
?CALED.LON! = LOW.V! / GAINZ * Calculate scaled LOW voltage.
' Next set up the internal clock.

IF CHK1%=2 THEN 6000

1638 PRINT "Enter the separation distance of the spheres: *

1639 INPUT “In grid units: ",SEPDIS

1640 * * Enter the clock frequency ( 13. - 12000.) " ,REQUESTED.FREQ
1641 SEPDIS=SEPDIS#.0049612

1644 PRINT "SEPARATION DISTANCE 1§ (cm): “,SEPDIS

1645 REQUESTED.FREQ = 100

1650 CLOCK.DIVIDER% = (400000! / REQUESTED.FRE@) - .5

1660 ACTUAL.FREQ = 400000! / CLOCK.DIVIDERZ

1670 ' " Actual frequency is "3;ACTUAL.FRE@;" Hertz"

1680 °

1690 CALL SET.CLOCK.DIVIDER (CLOCK.DIVIDERZ)

1700 °

1710 ' This performs the actual data collection.

1720

1730 OUT &H21, (INP(%H21) OR &H1) * Turn off PC’'s time of day clock.
1780 CALL ADC.SERIES (NUMBER.OF.VALUESY, ANALOG.ARRAYZ(0))

1750 OUT %H21, (INP(&H21) AND &HFE) ' Turn on PC’s time of day clock.
1760 GOSUB 3000

1770 GOTO 1532

1780 °

3000 5=0

3010 OPEN FILE$ FOR APPEND AS 1 _
3030 S=((ANALUB.ARRAYZ(O)*SCALED.LSB!)+SCALED.LON!)+((ANALOG.ARRAY%(SIZ)*SCALED.LSB!)
LED.LOW!) '
3040 FOR I=1 TD 511 STEP 2

3045 R=(ANALDG.ARRAYZ(1)#SCALED.LSB!)+SCALED.LOW!

3050 S5=5+(4*R)

3060 NEXT 1

3070 FOR 1=2 TO 510 STEF 2

3075 R=(ANALOG.ARRAYY(1)*SCALED.LSB!)+SCALED.LOW!

3080 S=S5+(2#R)

3090 NEXT I

3100 S=(5#512)/(6%256)

3110 PRINT "Calculated integral is: ;S

3115 AVG1=5/512
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3120 PRINT "Average VOLTAGE of signal is: ";AV61
3122 PRINT #1,SEPDIS

3124 PRINT #1,AVG1

3126 NUMBERY%Z=NUMBERZ+1

3128 CLOSE #1

3130 RETURN

4000. OPEN FILE$ FOR OUTPUT AS 02

4010 PRINT #2,RADIUS

4020 PRINT #2,L1QUID$

4030 PRINT #2,V0L

4040 CLOSE #2

4050 RETURN

5000 INPUT "Enter data FILENAME " ,FILES

5005 OPEN FILES FOR INPUT AS 43

5010 INPUT #3,RADIUS

5020 PRINT RADIUS

5030 INPUT #3,LIQUIDS

5040 PRINT LIQUIDS

5050 INPUT #3,VOL

5060 PRINT vOL

5070 FOR I=1 TO 40

5080 INPUT #3,TMSEP

5090 INPUT #3,TMFOR

5094 PRINT TMSEP,TMFOR

5100 NEXT I

5310 CLOSE #3 -

9120 STOP

6000 FOR I=1 TO 20

6008 CALL ADC.VALUE(START.CHANZ,GAINY,ANALDG. VALUEY)
6010 VOLTAGE! = (ANALOG.VALUEY. # SCALED.LSB'!) +SCALED.LOW!
6020 PRINT VOLTAGE!

6030 FOR J=1 70O 400

6040 NEXT J

6050 NEXT I

6060 PRINT "Continde the display of the voltage (C) or GO back to the"
6070 INPUT "taking of data (60) ? " ,CHK1$

6080 IF CHK1$="GO" THEN 6OTO 1531

6090 IF CHK1$="go" THEN GOTO 1531

6100 GOTO 6000
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1100 ' X% %X2RE¥%%X%% PISTON SRERXEXEERERERRLERRRRRERRRERS
1110 * * Program to retract piston and measure voltage *
1120 '+ from strain gauge and from LVDT and to store ¥
1130 * * data on a file. *
1150 ' FERREREEERERRRERFRRERERERRAEERRRRRREERRRRRRERARFERRRELRS
1180 DEF SEBG=793é * This specifies where in memory to place PCTHERM.

1190 BLOAD "PCTHERM®,0 ' This actually performs the PCTHERM load.
1200 ENABLE.FOR.OUTPUT = &0

1210 OUTPUT.DIGITAL.VALUE = 66

1220 OUTPUT.DIGITAL.ON.TRIGGER = 72

1230 SET.TIMEOUT = 105

1330 PORT.SELECTY. = 0

1400 ' Convert bit (0-7) into Bit MASK.

1420 D.MASKY = 2 ~ DIGITAL.LINEZ

1510 DIGITAL.LINEY = 0

1511 D.VALUE%Z = &HO

1512 CALL ENABLE.FOR.OUTPUT (PORT.SELECTZ)

1514 CALL OUTPUT.DIGITAL.VALUE (PORT.SELECT%, D.MASK%,D.VALUEX)
1550 PRINT " Bit mask = LH"HEX$(D.MASKY)

1570 INPUT " Enter desired state (H = High/ L = Low) ",D.STATES$
1572 IF D.STATE$="H" OR D.STATE$="h" THEN D.VALUEZ = &HFFFF : 6OTO 1600
1574 IF D.STATE$="L" OR D.STATE$="1" THEN D.VALUEYZ = &HO : GOTO 1600
1576 PRINT " Enter JUST H or L" : GOTO 1570

1580 °

1590

1600 INPUT " Enter the desired Bain (1,10,100 or 500) ",BAINY
2300

2400 ° All variables should be given initial values

2500 ° before being used in PCTHERM calls.

2600 °

2610 NUMBER.OF,VALUESY%=5000

2700 DIM ANALOG.VALUESZ(10001)

2900

3000 SETUP.ADC = 9 ' This is a PCTHERM entry point.
3100 BEGIN,ADC.DMA = 15 ‘ This is a PCTHERM entry point.
3200 WAIT.ADC.DMA = 21 ‘ This is a PCTHERM entry point.
3300 SET.CLOCK.DIVIDER = 45 * This is a PCTHERM entry point.

3400 SET.ERROR.CONTROL.WORD = 75 ° PCTHERM entry point.
3500 GET.ERROR.CODE = 78 ' This is a PCTHERM entry point.
3600 °

3700 ERROR.CONTROL.WORDZ = 0

3800 ERROR.CODEZ = 0

3gio

4300 °

4400 ° The following section sets up the A/D.

4500 °

4600 TIMING.SOURCEYL = 0

4700 START.CHANZ = 1 : END.CHANY = 2

4800 NUMBER.OF.CHANNELSZ = (END,CHAN’Z - START.CHANZ) + 1
4900 :

5200 °

5400

5405 ERROR.CONTROL(WORDYZ = 0

5410 CALL SET.ERROR.CONTROL.WORD(ERROR.CONTROL.WORDZ)
5420 °
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5500 CALL SETUP.ADC (TIMING,SOURCE%, START,CHANY, END.CHAN%Z, GAIN%)
5501 CALL GET.ERROR.CODE (ERROR.CODEZ)

5600 °

5605 ERROR.CONTROL.WORDY = 0

5610 CALL SET.ERROR.CONTROL.WORD(ERROR.CONTROL.WORDZ)

5700 IF ERROR.CODEZ = 0 BOTO 6300

5800. PRINT " Setup error, try again.”

5900 GOTO 4700

6000

£100 ° Next setup the internal clock.

6200

$300 CLOCK.DIVIDERYZ = (400000! / 6000!) - .5 ‘ 6000 Hert:z

6400 ACTUAL.FRE@ = 400000! / CLOCK.DIVIDERYZ

6500 PRINT * Actual sampling frequency is “;ACTUAL.FRE@;" Hertz"
6500

6700 CALL SET.CLOCK.DIVIDER (CLOCK DIVIDERZ)

4800 CALL OUTPUT.DIGITAL.VALUE (PORT.SELECT%, D.MASKZ, D.VALUEXL)
7500 CALL BEGIN.ADC.DMA (NUMBER.OF.VALUESY, ANALOG. VALUESZ (1))
7600 CALL WAIT.ADC.DMA

9000 INPUT "Enter filename of data file ",DOM$

9002 D.VALUEZ = &HO

9004 CALL DUTPUT.DIGITAL.VALUE (PORT.SELECT%, D.MASKZ,D. VALUEL)
9005 CALL BEGIN.ADC.DMA (NUMBER.OF.VALUES?, QNALUG VALUES? (5001))
9006 CALL WAIT.ADC.DMA

9007 FOR I=1 TD 1000 3 NEXT 1

9010 OPEN DOM$ AS #1 LEN=2

9020 FIELD #1, 2 AS 1%

9030 FOR I=1 TO NUMBER.OF.VALUESZ * 2

9040 LSET Z$=MKI$(ANALOG.VALUESZ(I))

9050 PUT #1,1

9060 NEXT I

9070 CLOSE #1

9080 END

10000 FOR I=1 TO NUMBER.OF.VALUESY * 2 STEP 2

10010 VOLTAGE1 = (CANALOG.VALUES?Z(1)%20/4096)~ 10)IGAINZ

10015 VOLTAGE2 = ((ANALDG.VALUES%(1+1)%20/4096)-10)/BAINY

10018 BBS=" RAREE  ARRR_ARAAAN SHRRE  BRAA_ BERRMRC
10020 PRINT USING BB$;1,VOLTAGE!,1+1,VOLTABE2

10030 NEXT I

10040 END
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APPENDIX B

Calibration of the strain gauge and LVDT

The strain gauge force measuring device which was used in
both the static and dynamic bridge strength experiments described
in Sections 4.2 and 4.3 was calibrated to assure that an accurate
force value could be obtained from the recorded voltage. For the
static bridge experiments the forces measured were very small so
that a long lever arm that connected to two strain gauges was
used to maximizé the sensitivity. A sample calibration curve is
shown in Figure B.l. As seen the force vs. voltage signal is
quite linear in the range of interest for the static bridge
experiments.

When performing the dynamic bridge experiments the lever arm
was shortened so that the force measuring device would not be so
sensitive. This was necessary because of the tremendous increase
in the strength of the dynamic bridge as compared to the static
bridge. Figure B.2 shows the calibration curve for this force
measuring system. Once again a linear relationship is obtained.

Finally the Linear Variable Differential Transformer (LVDT)
that was connected to the moving piston as described in Section
4.3 was calibrated with the voltage signal output. This distance
vs. voltage calibration curve is shown in Figure B.3. The dis-
tance was accurately measured by the projection of the piston
onto the Nikon 6C projection microscope which has a 20X
magnification.
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FORCE <MGD
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Figure B.2.
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VOLTAGE <CU)>

Force vs. voltage; calibration curve for the strain gauge
used in the dynamic bridge experiments.
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Figure B.3. Displacement vs. voltage; calibration curve for the
LVDT used in the dynamic bridge experiments.
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APPENDIX C

Determination of the minimum fluidization velocity
in a fluidized bed

To determine the minimum fluidization wvelocity in the
fluidized bed experiments the following procedure was performed.
Temperature and pressure data for each experimental run was
stored in a MINC-11 minicomputer. Subsequently, the air velocity
through the rotameter was corrected to give the actual superfi-
cial air velocity at different points in the system and the
pressure droﬁ due to the particles in the fluidized bed was
calculated from the total pressure drop in the bed by the use of
two pressure taps that were connected to a pressure transducer.
The minimum theoretical fluidization velocity uf of the bed was
calculated from (Kunii and Levenspiel, 1969):

Rene 1.75 o 2

Ga = 150(1 - emf) ¢2€3 + 5 e 3 Re ¢ (C.1)
mEf mf
where,
Ga = - c.2
a=r, (pg g) pg/# (C.2)
Remf mf p/p (c.3)

where u s is the minimum fluidization velocity, g is the ac-
celeration due to gravity, Dp is the diameter of the particle,

€ is the bed wvoidage at incipient fluidization, pg is the

mf
density of the fluid, P is the density of the particles, u_ is
the viscosity of the fluid and ¢ is the sphericity of the solid
granules. Both the pressure drop in the bed and the velocity of

the gas are made dimensionless by

AP
P = 7a (C.4)
U= u/umf (C.5)

where A is the cross sectional area of the bed (mz), W is the
weight of the particles (kg), APb is the pressure drop (kg/mz), u
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is the linear velocity (m/sec) and Uog is the calculated minimum
fluidization velocity from Eq. (C.l).

A number of experiments were performed as described in
Section 3.3 for a 2 kg bed of Dp-0.2 cm polypropylene particles
with the following characteristics: density, P 0.92 g/cm3 and
sphericity ¢=.78. These particles have a melting point of 172%
and a sintering temperature Ts of 143°C. Experiments were per-
formed at air temperatures of 25, 90, 143, 160 and 164 degrees
Centigrade. The dimensionless pressure drop, P, versus dimen-
sionless velocity L at room temperature (25°C) is shown in
Figure C.1. The experimental minimum fluidization velocity, u £
was obtained by the intersection of two linear least squares
fitted lines of the data points. The two lines correspond to the
pressure-velocity data for the fixed and for the fluidized bed
region, respectively. The experiment was performed by first
decreasing the velocity from the fluidized state to the packed
bed state and then refluidizing the bed by increasing the gas
velocity. As seen from Figure C.1 there is no noticeable hys-
terisis effect for the fluidized bed at room temperature. The
agreement between the experimentally determined fluidization
velocity and that obtained by the use of Eq. (C.1) is excellent,
as can be judged from the value of the intercept, u/umf = 1.027.

Figure C.2 shows pressure drop versus velocity data for the
bed at 160°C a value which is near the minimum sintering tempera-
ture, Ts’ In this case there is a noticeable difference in the
behavior of the bed when the velocity was increased or decreased.
The behavior when decreasing the velocity to the fixed bed state
was similar in all respects to the run at room temperature. When
the velocity was increased and the point of refluidization was
approached a hole or channel was formed in the center of the bed,
in this region particles were geysering due to the passage of air
in the hole. The rest of the bed, apart from this "hole" was in
the fixed bed mode. With slowly increasing velocity it was
observed that the "hole" increased until it comprised the whole
bed. This point'corresponded to a fully fluidized bed. For this
run the minimum fluidization velocity determined experimentally
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Figure C.l. Pressure drop vs. gas velocity in the bed at 25°c.
(polypropylene particles).
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Figure C.2. Pressure drop vs. gas velocity in the bed at T=160°C.
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was 30% higher than that calculated using Eq. (C.1l) (u/umf -
1.30). Even in fluidization agglcmerates were observed in the
bed and the bubble motion of the bed was reduced. The ag-
glomerates were observed to be broken by the action of the
bubbles as the velocity was increased. On inspection of the bed
material after the run was completed, agglomerates were still
present. Most of the agglomerates were 3-5 particles sintered
together. There was one large agglomerate that was approximately
5 em in diameter.

Figure C.3 shows pressure versus velocity for a run at
164°C. This bed behaved in much the same way as the run at 160°¢C

but with some difference. Two holes were formed when the
velocity was being increased from the fixed to the fluidized bed
state. These holes grew somewhat as the velocity was increased

but the bed remained packed even when the velocity was increased
much beyond defluidization. This is shown clearly in Figure C.3
where the data points for the increasing velocity are always
lower than those corresponding to the decreasing velocity points.
The pressure drop of the refluidized bed was always lower than
that of the originally fluidized bed throughout the range of
fluidization. This is due to the channeling of the bed. The
minimum fluidization velocity for this case was determined in
Figure C.3 by the intersection of the linear least square fitted
lines for the downward set of velocity data points only. This
value u/umf-1.517, was considerably higher than the value for the
run at 160°C even though the difference in temperature of the two
experiments was only 4°C. The minimum fluidization velocity is
seen to be that velocity in which the rate of sintering is
balanced by the breakup of agglomerates due to hydrodynamic
forces. Once the velocity is decreased an irreversible effect
occurs and the bed is wunable to refluidize to its original
fluidized state if the temperature is too close to the melting
point of the granules. If the fluidization velocity is kept
above this experimentally determined minimum then the bed remains
fluidized in the normal sense and permanent agglomerates are not

formed.

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



-182-

PRESSURE DROP VERSUS VELOCITY
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Figure C.3. pressure drop vs. gas velocity in the bed at T=164°cC.
(polypropylene particles).
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Similar experiments as described above were performed using
polyethylene particles with the following characteristics: bed
weight of 4 kg, Dp-.07 cm and Dp-‘32 cm, p = .92 g/cm3 and
sphericity ¢=.62. These results are shown in Section 3.3.
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APPENDIX D

Yield criteria for a circular laterally loaded plate

(a) Elastic Regimes in Pressure lLoaded Plates

In all these considerations we assume a circular plate of
radius a and thickness h subjected at the surface to a constant
pressure q (all over the surface) so that the total force on the

plate is:

F = nazq (D.1)

where F 1is the total force on the plate. The geometry and the
load are presented schematically in Figure D.1.

Much of the following considerations are taken from
Timoshenko and Godier "The Theory of Plates and Shells". Using
the deflection of the plate W and its resistance or toughness:

Eh
12 (1-v)

where v 1is the Poisson ratio and E is Young’s modulus. The
moments at any radius can be computed from:

D = (D.2)

M_ = -D { } (D.34)

2
1 daw aw
Mt = -D {].‘.' a‘r + v ;—1:2-} (D.3B)

The equilibrium of the plate requires the following differential

equation to hold true:

d ;1 4, 4w ¢

dr [r dr( dr )= (D.4)
The solution of equation (D.4) is given by:
4 2
W= +C 4 +C,log;+Cy (D.5)

For the plate with clamped (built-in) edges Eq. (D.5) becomes:

5 2
5—25 (a ‘) (D.6)

and the moments are obtained from Egs. (D.3A) and (D.3B) as:

w-:
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q dr r

Ty

a |
.—‘f
. lz

Laterally loaded circular plate

Figure D.1.

|
o= =
”%f' L= o 71T

Figure D.2. Plastic deformation of a circular plate

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




-186-

M- % [a2 (1+v) - ¥2 (3+1)] (D.7A)
M, - & (a2 (1+) - r2 (1+31)] (D.7B)

From Eqs. (D.7A) and (D.7B) one can compute the moments at any
radius, thus at the clamped edge:

Y=a & t r=a 8

2
Mrl - - 32 . M - - p 98 (D.8)
and at the center of the plate Eqs. (D.7A) and (D.7B) give:

]
r

Comparing Eqs. (D.8) and (D.9) one can see that the maximum

-M -:L'géf (D.9)
r=0 tIr-O 2 8

moment appears at r = a.

Using the relationship between the stresses and the moments:

g - - (D.10)
h2

and Eqs. (D.8) and (D.9) the stresses in the plate can be com-

puted as follows:

3 a
p -3 2 g (D.114)
Tlma 4 h2
3 a2
o => v = q (D.11B)
t r=a 4 h2
2
3 1+v a
p =-; =X 2 q (D.12A)
Tl 0 4 2 h2
2
r=0 h

For the plate with freely supported edges Eq. (D.5) becomes:

2 2
N o1

and Eqs. (D.3A) and (D.3B) transform to:

w-:

M= 13 (3 (a-r)] (D.14A)
M - 1 [a2(34+v) - rZ(1+3v)] (D.14B)

The maximum moment appears in the center at r=0 so that:
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=0

3+v a2
ot T o (D.15)
r-

|
r

and the stresses are:

N

2
o] =o | =— =% 3(3+y) (D.16)
r=0 =0 h

Comparing Eqs. (D.1ll), (D.12) and Eq. (D.13) one can see that the
maximum stress in the free supported plate is by a factor of

3+
A = o (b.17)

greater than the maximum stress in the clamped plate. Here v is
the Poisson coefficient which is v = 0.5 for an elasto-plastic

material.
(b) Yield Criteria for Elastic-Plastic Materials

If a material is loaded by stresses on a three-dimensional
system there is a problem of defining the condition where the
material stops behaving in the elastic regime. If there is only

one stress, o,, the equation:

1l

o) < ay (D.18)

determines this condition. However, if the stress systems are
three-dimensional there are three stresses (al>02>a3) and by

definition

"max "~ % (01-03)
is the maximum shear stress. A yield criteria is a postulate
which replaces Eq. (D.18) in the case of three-dimensional
stresses:
(1) The Rankine theorem states that yield will not occur if the
maximum shear stress will be less than the yield stress:

o) S o (D.19)
(2) The Tresca theorem states that yield will not occur if the

maximum shear stress will be less than the yield shear stresses:

(D.20)

-
A
Q

max- |y
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or.

0,-03 = 21y (D.21)

It can be shown that in this case one obtains for a one-
dimensional stress (03 = 0):

- 2 D.22
% Ty ( )

and combining Eqs. (D.21) and (D.22) the yield criteria becomes:

01794 < ay (D.23)
(3) The Von Mises theorem states that yield will not occur if:

2

(01-02)2 + (o,09)% + (01-03)2 s b, (D.24)

Similarly, Eq. (D.22) in this case becomes:

ay- J§’1y (D.25)

so that Eq. (D.24) can be written as:

2 (D.26)

2 2 2
(01-02) + (02-03) + (01-03) < 20y
For the case of two-dimensional stress distributions as is the
case of the plate loaded with a distributed pressure the stress

a3=0. Therefore, the yield criteria becomes:

(1) o) = ay (D.274)

(2) o, = ay (D.27B)
2 2 2

(3) 91 + 0,7 - 040, < ay (D.27C)

and it is not necessary to distinguish bewteen conditions (1) and
(2).

The Rankine, Tresca and Von Mises criteria are general yield
conditions applicable to metallic and non-metallic materials.
For the special case of powder like or granular material a spe-
cial condition is applicable namely the Coulomb criteria. This
criteria was modified recently by Molerus (1978) and it reads:

T

(4) 5;;;— < tan § (D.28)

where o, is the maximum tensile strength and § is the friction

angle of the material, both being determined from experiment.
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Criteria (2), (3) and (4) will be applied now to the case of
the elastic plate loaded by a laterial uniform pressure. The
maximum pressure q which will keep the plate in the elastic
regime will be computed. For the plate with clamped edges Egs.
(D.11) and (D.12) yield:

(a) o -3 QEE
1 4 2
r=a h
_39@_;
9y i v
r=a h
and: 2
® o mey =7 T
r=0 r=0 h
The Tresca condition gives for (A)
2
4 h .
Q=3 ay = (D.29)
a
and for (B)
2
4 h™ 2
q.<_§ay:2m (D.30)
The Von Mises condition gives for (A):
2
4 h 1
q<3o0 == (D.31)
37y a2 {1+u2-v}1/2
and for (B):
2
4 h™ 2
q =< 3 Uy;-i-m (D.32)

Comparing Eqs. (D.29) to (D.32) one can see that the most
restrictive condition is Eq. (D.29) and therefore the maximum

pressure admissible under the plate with clamped edges is:

2

4 h
ee™ 3 Uy‘zi (D.33)

The application of the modified Coulomb criteria to case (A) is
not straightforward. However, in case (B), since 01=0 s the
shear stress at o=0 will be =0, and including this condition
into Eq. (D.28) one obtains:
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tané

o T-tans (D.35)

o =0
Assuming that the yield stress in the granular material is ao-ay,
and corresponds . to the maximum tensile stress, and using the

value for 2 from condition (B) one gets

2
4 h™ 2 tand
1= 30 a? T+v T-tané (D.35)

Condition (D.35) for the admissible pressure is more restrictive
than the value given by Eq. (D.33) only if the friction angle of
the material § is less than about §=23°.

For the case of the plate with free edges the criteria (2)-
(3) and Eq. (D.16) yield:

2
I A (D.36)
h y
or the maximum pressure will be:
2
4 h™ 2
e = 3 % 2 7w (D.37)
The equivalent of Eq. (D.35) for the plate with free edges is:
2
4 h® 2 tan$
1=3 ay ;7 F+v I-tand (D.38)

(¢) Plastic Regimes in Pressure loaded Plates

The relations developed in the previous section give the
maximum pressure which can be carried by the plate before the
plastic stress ay appears at the most stressed point.

In this section a relationship for the maximum pressure
which generates a uniform stress in the plate of ay is developed.

Referring to Figure D.2, the strain of point 1 due to plas-
tic deformation is:

- 2L
€4 = (D.39)
The plastic work done on 1 and its surroundings is:
dwp ='ayeodV - 2ﬂayaydA (D.40)

which must be equal to the total work done by the force F:

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



-191-

Faa = [ dW_ = 270 af y dA (D.41)
A P Ya

which when carried out gives:
h2
F = way 7 = 27rMo (D.42)
where Mo is the plastic moment and is given by:

2
h
Mo = UyT (D.43)

A more general form of Eq. (D.42) for a load distributed within a
radius R is given by Hopkins and Prager (1953):

6mM
E_L
3-2R/a
which naturally reduces to Eq. (D.42) when R=0. When the load is
uniformly distributed then R=a and Eq. (D.44) becomes:
Foeo 61rMo (D.45)
For the case of the plate with built-in (clamped) edges Eq.

F (D.44)

(D.45) must be replaced by:

F = 12wM° (D.46)
Exact mathematical considerations and not energy considerations
as used above give a slightly different value of the numerical

constant (Hopkins and Prager, 1953) in Eq. (D.46):

F = 11.261rMo (D.47)
when the Tresca condition is used and the expression:
F = 12.51rMo (D.48)

when the Von Mises condition is used. Due to their simplicity
Eqs. (D.45) and (D.46) are used to compute maximum plastic stress
in the plate. Using Eq. (D.1) and Eq. (D.43) and relations
(D.45) and (D.46) one obtains:

2 .
2 h
na q = 6ﬂ0y T (D.49A)
2
2 h
ra " q = 12ﬁéy-z- (D.49B)
and from Eqs. (D.49A) and (D.49B) one gets the maximum admissible
pressures:
2
3 h
Qe = 32 0. 25 (D.504)
fp 2%y a2
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K2
9ep = 3 9 2 (D.50B)
The coefficient Al in equation (3.3) was taken to be ap-
proximately A1=2, a value intermediate between Alfp-l.S and

Alcp-3 .

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



-193-

APPENDIX E

Derivation of equations used to_solve for the equilibrium
shape and force of a liquid bridge '

The Laplace-Young equation can be derived from purely
mechanical equilibrium considerations (Boucher and Evans, 1975)
or by a minimization of the free energy of a sphere-liquid-sphere

system to be:
1 1
2HoR - BoX {_R—.]: + —R—é } (E.l)

where R1 and R2 are the radii of curvature of the liquid profile

and are related to Y and to the angle & between the tangent at

(Y,X) to the profile and the horizontal (see Figure 4.1). R1 and

R2 are given by:

3/2

Ry = {1 + (ax/an)?}/2/(a%x/av?) (E.2)

R, = Y {1 + (ax/av)?}/?/(ax/av) (E.3)

2
From geometrical considerations it directly follows that:

R, = dY/d(sin $) (E.4)

1

R2 = Y/sin & (E.5)
Equation (E.l) can be rearranged by taking the arc length S as a
dependent variable. From simple geometric considerations:

cos & = dY/dS (E.6)

sin & = dX/dS (E.7)
Substituting Eqs. (E.4) and (E.5) into Eq. (E.l) and using the
relations given by Eqs. (E.6) and (E.8)

d(sin &) = cos ¢ d® (E.8)
equation (E.9) is obtained:

d®/dS = (2HoR - BoX) - (sin ®)/Y (E.9)
This equation along with the ancillary equations

dY/dS = cos & (E.6)
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dX/dS = sin & (E.7)

are the set of first order equations that were solved for the
meriodonal profile.

A force balance around the plane at point (1) in Figure 4.1
yields: .

£, = -Jf p° nda -[f p¥ nda + 2xy;ysin & (E.10)
A A

where @1 is the filling angle at point (1), v is the surface
tension, p° is the pressure of the outer fluid (usually air), pf
is the pressure of the 1liquid bridge, A is the area of the
spherical cap that is wet by the inner fluid and A is the area of
the sphere that is in contact with the outer fluid. From hydro-

static considerations:
P = - px + o (E.11)
Pf = - Pfgx + Cy (E.12)

thus Eq. (E.10) becomes:

£i= - II cqdA - IJ ¢, dA + pogff n xdA + Pfgff n xdA
A A A A

+ 2wylsin o, (E.13)

to convert these area integrals into volume integrals the follow-

ing integral theorem is used:
[fnypda=[[fvyav (E.14)
A \Y

where A is the area enclosing the closed volume V. The following
integrals are added and subtracted to the right hand side of Eq.
(E.12) in order to close the areas and apply (E.1l4):
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SIS eison + J .5 aa + p°8ff 5, xca + pTg[f 5, xaa
A A A i

where A is the area of the circular disk at point (1) and §  is
the wunit vector in the vertical =x direction. By adding and

subtracting the above expression to Eq. (E.13) one arrives at:
£ = (cq-co)my? + p°gV_ + pigV__ + 2rxy.y sin @ (E.15)
17 (C17C/7™Yy T P BV, T P BYse Y1y 1 '

where Vsc is the volume of the spherical cap above the plane at
x=0 and Vr is the remaining volume of the sphere (if VT is the

total sphere volume, then Vr-V At x=0 the following

Y .
T sc)
expression is true:

e;-c= - (pF-p%) = - 4P, (E.16)

17%2
substituting for Vr in terms of VT and Vsc’ and ) in Eq.
(E.15) yields:

2 f o .
fl= - AP my; + (p~-p )gVSc + 2ﬂylsln¢1 + VTpog (E.17)

The coordinates can be made dimensionless with respect to the
radius R, the volume with respect to R3. The dimensionless force
is then given by Fl=f1/nR7 and since Bo=ApgR2/7 and H0=AP0/27 Eq.
(E.14) becomes (the last term in Eq. (E.l7) can be neglected when

the outer fluid is a gas):

Bo

2 * .
Fl = -2Y1H0R + = Vsc + 2Ylsln @1 (E.18)
Eq. (E.19) follows from geometrical considerations:
V5 =T (1 - cos a)%{3 - (1 - cos ap)} | (E.19)
sc 3 1 1 '

it can now be seen that the second term on the right hand side of

Eq. (E.18) is identically the expression FBl in Eq. (4.7)
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Fap = 52 Vi, =32 (L - cos a3 - (1 - cos e} (E.20)

a similar force balance at point (2) of Figure 4.1 would yield

the force expression given by Eq. (4.6).
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