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(ABSTRACT)

Particulate beds which are mobilized and expanded by the application of mechanical vibrations are

caHed vibrated beds. These beds are generally defined as shallow, if the depth·to·width ratio is less

than unity. The dynarnics of shallow vibrated beds and the heat transfer from immersed tubes to

such beds are investigated using a vibrational frequency of 25 Hz.

The vibration equipment is designed to rninimize distortions in the applied displacement waveform.

Transducers used are of a sufiiciently high frequency response to accurately follow the variation of

bed properties over a vibrational cycle. An electronic circuit is designed to exactly phase-match data

collected by a transducer with the vibrational displacement. The circuit may also be used to trigger

a strobe lamp at any phase angle, thus perrnitting an accurate examination of the evolution of bed

characteristics over a cycle.

Measurements of floor pressures beneath the bed, indicate cyclic characteristics, caused by the bed

motion. Horizontal floor-pressure gradients cause the bed to pile up or bunker within the vessel.

In bunkered beds, particle motion is determined by horizontal gas flows, and a compaction wave

which propagates diagonally through the bed during the bed-vessel collision. In non·bunkered beds,

particle motion is driven largely by wall friction.

The observed instant ofbed-vessel separation lags the theoretical prediction by several degrees, most

likely because of bed expansion associated with the bed lift·ofT.



Different "states" of shallow vibrated beds are identiiied, each with a unique set of characteristics.

One state which exists in ultra-shallow beds of depths between 6 and 15 particle diameters is char-

acterized by a high porosity and good gas-solid interaction, making it potentially useful for studies

of reaction kinetics.

Surface-to-bed heat-transfer coefiicients are measured for Master Beads and glass beads, and found

to vary with particle size and vibrational intensity. Heat—transfer coefiicients as high as

484 W/m2·K are obtained. Heat transfer depends on particle circulation and the formation of air

gaps which periodically surround the heater surface.

A simplitied theoretical formulation for the heat·transfer coefiicient appears to qualitatively predict

observed trends in heat transfer.
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1.0 Introduction and Review of Previous Work

The mobility and porosity of a particulate bed can be increased by subjecting the bed to low-

frequency vertical vibrations. The frequencies most suitable are in the range of about 5 Hertz to

over 100 Hertz. As the bed is subjected to increasing intensities of vibration, particles within the

bed become mobile and a solid circulation pattem is developed within the bed. The bed porosity

increases, and the bed becomes ’fluid-like'. The resulting bed behavior is similar, but not identical,

to the behavior ofa gas-fluidized bed. Beds that are mobilized and transformed into a fluid—like state

through the use of mechanical vibrations are herein termed ”vibrated beds”.

Mechanical vibrations have been used for many years to induce mobility in granular material, for

example, in vibratory conveyors. However, the primary purpose of vibratory conveying is to

transport the material from one location to another, while expending the minimum amount of en-

ergy. Therefore, vibrations applied to the bed have a strong horizontal component that push the

material along in the desired direction. The bed is thrown in the vertical direction as little as possi-

ble, so that the bed has an appearance of being shuffled along the conveyor [Hirt,l984]. Vibrated

beds, on the other hand, use a much larger vertical component of vibration to induce bed fluidity.

Vibrated beds are usually confined within a vessel, although it is possible to have a ilowing vibrated

bed in which a small horizontal component of vibration is introduced to create the flow of particles.
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Vibrated beds have found wide commercial use within the last decade primarily for the drying of

granular solids. Pakowski et al., [1984], who reviewed the literature on vibrated beds, estimated that

drying covers 90% of all applications, and cite 135 references pertaining to vibrated beds.

Terminology

There is confusion in the literature on the terminology surrounding vibrated beds. This originates

because mechanical vibrations have been applied to gas-fluidized beds to reduce the occurrence of

bubbles. In this study, a bed in which a Huid·li1<e state is induced through the use of mechanical

vibrations alone (that is, without a flow of fluidizing gas), will be referred to as a vibrated bed. Such

beds have also been referred to as vibrofluidized beds in general [Chlenov and Mikhailov,1972], and

as vibroebullient beds [Kapustin et al., 1980] depending on the nature of the bed. If an extemal flow

of gas is maintained through the vibrated bed, it will here be referred to as an aerated vibrated bed

when the gas flow is less than that the minimum fluidization velocity (11,,,/) for the bed. If the gas

How is greater than 14,,,, for the bed, the bed is levitated prirnarily by the pressure drop in the gas,

and not by the vibrations alone, in which case, the bed is called here a vibrated gas-/Iuidized bed.

This classification will avoid the confusion in the literature caused by referring to all beds to which

mechanical vibrations have been applied as vibroüuidized beds.

The term vibrofluidized beds is in wide use, but it is not preferred here, partly because it has often

been used incorrectly as described previously, and partly because the vibrated bed has some differ-

ences in behavior from that norrnally associated with gas-Huidized beds as will be shown later.

However, because of its to the wide usage, vibrofhzidization will be used to describe the transfor-

mation of the vibrated bed into the f1uid·1ike state.
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1.1 Observation of Bed Dynamics

The displacement a at any instant z, of a vessel containing a vibrated bed that is subjected to vertical

sinusoidal vibrations of frequency f and an amplitude of a, is given by the equation for simple

harmonic motion:

a = ao sin(21rj?) = ao sin(wt) = ao sin(9) [1.1]

where w is the angular frequency, and 6 is the phase angle. The vessel velocity (a) and acceleration

(ä) may be obtained by successive dilferentiation of equation [1.1], which gives:

ä = aow COS(wl) [1.2]

and

Ei = — aowz sin(wl) [1.3]

It is useful to define a dimensionless vibrational intensity parameter K, which is the ratio of the peak

vessel acceleration to gravitational acceleration (g):

max | — aowz sin(wz)| aowz
K- g _ -

—-g- [1.4]

Imagine a single particle of mass m, lying on a vibrating table. The force acting on the particle due

to gravitational acceleration is —mg, and the force due to the vibrational acceleration is

ma,,w* sin(wt). Therefore, the resultant normal reaction force N, acting on the particle due to the

table is:

N = mgl;} + K sin(wt)] [1.5]
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Provided the acceleration of the table is greater than -lg, the normal force will be positive and the

particle will remain in contact with the table. At the instant in the cycle of vibration at which the

table acceleration just falls below -1g, (that is as sin(wt) S — 1/K), the normal force N , will equal

zero as indicated by equation [1.5], and the particle will separate from the table, provided there are

no other extemal forces acting on it; the particle will then move freely under gravity. It will remain

in free flight, with its trajectory determined by simple Newtonian mechanics until some point later

in the cycle, where it will collide with the table. If the collision is non·plastic (the particle rebounds

after collision, or in other words, the coefficient of restitution of the particle is greater than zero),

the particle will immediately rebound with its new trajectory determined by the mechanics of the

collision. However, if the collision is completely plastic, that is, the particle’s coefficient of

restitution is zero, the energy of the collision is immediately dissipated, and the particle will remain
1

in contact with the table until the point of separation in the next cycle. It is obvious from equation

[1.5], that if the value of K is less than or equal to one, the particle can never lift off the table.

lf one places just a few coarse particles in a vessel vibrating with K greater than 1, they bounce ir-

regularly above the floor of the vessel, exhibiting predominantly vertical motion, and colliding at

random times with the vessel floor [Sprung et aI.,l986|. The behavior of the particles is dependent

on the mechanics of free flight with the inclusion of air drag on each particle, and on the collision

processes between particles and the vessel floor, and between each other. The nature of the bed

will be dependent on the coeflicient of restitution of the particles, their individual masses, shapes

and surface characteristics, and vibration parameters. As more particles are added, the particles in

the bed begin to move in concert, lifting off together at a point in the cycle and colliding with the

floor at a later instant as shown in Figure 1 on page 5. Once the bed acts as a single mass, the

collision with the vessel base is completely plastic, that is, the bed acts as if it had a uct coefficient

of restitution of zero. Bachmann [1940] observed that beds of lead and glass particles acted as a

single mass if the bed depth exceeded about six particle diameters. This behavior of a bed which

is more than a few particle diameters deep, has led several investigators [Bachmann,l940;

Kroll,l954,l955; Yoshida and Kousaka,1967; Gutman,l974,1976a] to model the bed as if it were a
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single coherent plastic body. The plastic~body analogy assumes that the entire bed lifts off the vessel

base unifonnly without any siguificant bed expansion within each cycle.

Cinematographic studies of the vibrated bed [Bachmann,1940 Kro1l,l954] have indicated that the

bed does behave closely to the plastic mass assumption provided the particle size was large

(>400 pm). The bed lifts off the vessel base at time t, provided K>1, with a gap appearing at the

bottom of the bed, causing a flow of air down across the bed into the gap. The bed later falls back

toward the base, eventually driving air upward across the bed until an instant t, when the bed col-

lides with the vessel base and the gap is completely destroyed. The acceleration waveform will dis-

play a kink at the point of collision, and this has been used by Chlenov and Mikhailov [1972] to

detect the instant of collision. The lift-off and collision points have also been located by using

electrically conductive particles to detect the making and breaking of electrical contact at the base

of the vessel [Gray and Rhodes,l972; Rippie et aI.,l978[.

Large-Particle Beds

Two distinct behaviors of large-particle vibrated beds have been reported for K<l and K>1. In the

former regirne, there was no bulk motion of particles, but merely some bed compaction and a de-

crease in the apparent angle of friction brought about by the vibration. Chlenov and Mikhailov

[1972] have described the bed as vibromobile in this region, a term that is rather rnisleading con-

sidering the nature of the bed. In fact, after the first few minutes of vibration when an initial period

of particle rearrangement is over, there is no detectable movement of particles in the bed for K<1

[Thomas et al.,1986]. For K>1, the large-particle vibrated bed is similar in appearance to the gas-

fluidized bed, which has led most investigators to refer to this regime as a vibrofluidization. It has

a reasonably level top surface and the bed porosity increases with increasing vibrational intensity

to a limiting value [Chlenov and Mikhai1ov,1965]. If large-diarneter particles are loaded to different

heights in the two arms of a U-tube and the tube vibrated, the levels in the two arms will
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equilibriate when K>l [Gutman,l976a]. There is a bulk circulation of the bed material, with par-

ticles moving down at the walls, and upward at the center.

Small-Particle Beds

As the particle size is reduced, a continuous change in bed behavior is noticed. The instant of bed

lift-off becomes later in the cycle and the height of separation of the bed above the vessel floor also

reduces with decreasing particle size [Gutman,l974], until a point is reached with very small particle

sizes, when the bed cannot be observed to lift-off the vessel base during the entire cycle [Thomas

ct al.,l986].

The nature of the vibrofluidized bed itself is very different for small particles. The bed is observed

not to have a level surface but rather to pile up or bunker at different locations within the vessel

[Kroll,l955; Buevich et aI.,l979; Sprung er al., 1986]. The air that is being pumped first downward

as the bed attempts to lift and later upward as the bed and vessel floor are pushed together has a

noticeable effect on small-particle beds due to the reduced permeability of such beds to gas flows

through them. As a result, the top of the bed is seen to expand significantly [Kroll,l955; Thomas

er aI.,I987] as the gas rushes out of the bed. For very fine powders like cement, bubbles are seen

to form within the bed and erupt at the surface, leading to a description of such beds as vibroboiling

beds by some authors [Chlenov and Mikhailov, 1972]. Particle circulation is now determined by the

shape of the bed and the locations of bunkers. In most regions of the bed with the exception of a

relatively narrow layer on the top, particles move from the shallow regions of the bed toward the

deeper sections, with a retum flow from the top of the deeper section toward the shallower sections

in the narrow region on the top of the bed [Kroll,l955; Thomas et al.,l986].

Even further changes in bed behavior are noticed as the particle size is reduced to below 100 pm.

The bed no longer changes state at K= 1, but rather at progressively higher values of K as the par-

ticle size is reduced. For 30 um laundry detergent powder, the transition has been reported to oc-

cur between K= 3 to K= 5 depending on the vibrational frequency ]Herber,l970]. Kapustin et al.
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[1980], have measured the critical vibrational intensity K„, at which there is a transition to the

vibrofluidized state as a function of particle size using beds of powdered nickel and iron, for bed

depths varying from 10 mm to 100 mm. K„ equals unity for all particle sizes greater than

100 pm, with an increase in K„ to 1.5 for a particle size of 50 um. The increase in K„ is dramatic

if the particle size is reduced further; increasing exponentially to 4 for a particle diameter of

25 pm, and beyond that for even smaller particle sizes. The transition point is delayed largely due

to the cohesiveness of beds composed of particles less than 100 pm. In such cases, suflicient shear

has to be applied to the bed to cause it to overcome the cohesiveness and bring about a fluid-like

state. Even then, the bed mobility may be caused by the movement of air into and out of the large

cavities produced in the bed as a result of the high shear. Vinogradov ct al. [1980] studied the

transition to vibroiluidization for ultra-fine powders, using 2-3 pm SiO; and sub-rnicron

(:0.7 pm) CaCO;, particles. They hypothesize that, unlike for coarse systems, where the separation

of particles in free-flight can be brought about by forces equal in magnitude to the weight of indi-

vidual particles, the forces required to separate cohesive powders must be large enough to overcome

the adhesive bonds that exist between such small particles. They suggest using the parameter z§w°

to characterize the transition instead of K„ for such fine powders.

1.1.1 Models for the Vibrated Bed

The majority of models used to describe the mechanics of the vibrated bed have been based on the

plastic body analogy. Attempts to model the bed as a viscoelastic mass [Gray and Rhodes,l972],

have not proved to be of any advantage since several unknown factors are introduced which cannot

be evaluated easily. As described earlier, this implies that particles 1iR off the vessel base as a single

porous plug in flight; and on collision with the vessel later in the cycle, the bed immediately begins

to move with the vessel again. Gray and Rhodes [1972] pointed out that the impact at collision,

which takes a fmite period of time to travel up to the top of the bed, must be small in comparison

to the period of vibration, and must certainly be less than the time between the bed-vessel collision
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and the point of lift-off in the next cycle. Therefore, they suggest an upper limit of 150 Hz and

K= 10, or the onset of fluidization brought about by the gas flow induced by the bed vibration -

whichever comes first - as the upper limit to the applicability of the plastic body analogy for a bed

that is 15 cm deep. They based the limits on the vibrational parameters using a stress propagation

velocity of 150 m/s in granular solids.

The simplest model is one which considers the bed as a single particle, neglecting the effect of the

drag introduced by the gas flows [Takahashi et al.,l968]. The model is of limited use, since the ef-

fects of drag produces several effects in most beds. The lift-off of the bed will be delayed due to the

drag. The bed acceleration relative to the vessel, and the rate of separation of the bed from the vessel

will also be reduced. This will in turn restrict the amount of gas that flows into the bed during the

lift period.

Yoshida and Kousaka [1967] have improved on the single·particle model by including an air drag

term into the equations of motion. They assumed that the air flow into the bed was equal to the

rate at which the bed separated from the vessel base, and so the drag force, which is proportional

to the gas velocity relative to the bed, is also directly proportional to the rate of separation. The

validity of this model has been examined using experimentally fitted values of the drag coefficient

[Gray and Rhodes,l972], and the correlation between the predicted and expeximentally observed

flight times appeared to be reasonable within the range of conditions examined.

Kroll [1954,1955] attributed the gas flows to the pressure drops generated at the bottom of the bed

as it attempted to lift off, and described a vibrated bed theoretically with the assumption that cor-

relations for steady-state pressure drop in the gas flowing through a packed bed, such as Darcy’s

law, would provide a good approximation for the transient forces acting in the dynamic situation.

He assumed that air was incompressible, so that the instantaneous linear pressure drop across the

bed was proportional to the instantaneous gas velocity through the bed, which using the plastic

mass assumption, is equal to the rate of separation of the bed from the vessel base. This allowed
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Kroll to predict the bed projection and the air pressure variation in the gap below the bed through

an entire cycle, as a function of bed properties and vibration conditions.

Measurcments of the bed throw were made by cinematographic techniques, and satisfactory agree-

ment with the Kroll model was found for the large-particle beds vibrated at relatively low frequen-

cies; but as the particle size was decrcased and vibration frequency increased, the accuracy of the

model in predicting bed throw and pressure variations was poor [Gutman,l974]. To improve on

this, Gutman [1974,1976a], suggested treating the air as a compressible fluid, since the bed resistance

to air flow was now higher, and the time periods involved much smaller. This model showed a

somewhat better agreement for both the pressure beneath the bed and the bed throw for smaller

particles and higher frequencies. For large-particle beds and low frequencies, it was identical to the

Kroll model. However, the model was increasingly in error with frner particle sizes and deep beds.

The model was particularly in error as the particle size approached 100 pm.

Ryzhkov and Baskakov [1974] included the effect of wall friction in their model. They argued that

for large-particle beds, the drag term was small compared to the wall fiiction, particularly in deep

beds. This argument is dubious, since the resistance of the bed to gas tlows also increases linearly

with bed depth according to the Kroll model. In addition, the work of both Kroll [1955] and

Gutman [1974] indicates that the wall friction was negligible in comparison with the drag for shal-

low vibrated beds. lt is possible that the drag may be neglected in comparison with wall friction

when one is dealing with very non-spherical particles in a tall and narrow bed.

All of the above models are based on the plastic body analog, thus they do not take into account

the variations of bed porosity in both space and time. Measurement ofbed porosity by capacitance

techniques [Gutman,1974; Rippie et aI.,l978], clearly show a small cyclic variation in bed porosity

with time during a cycle of vibration. This variation is small for large particles - only about 0.5%

according to Gutman - but is reported to be larger for smaller particles [Chlenov and

Mikhailov,l972], although no details are given of the measurement technique used or the actual

variation in porosity. In any case, even a small increase in porosity in a fme-particle bed during the
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period when the bed and vessel are attempting to move away from each other, will allow the bed

to retain a considerable amount of the gas that is flowing into the bed as a result of the pressure

drop at the bottom of the bed. This contradicts the plastic mass analogy, which assumes that any

gas that flows into the top of the bed ends up flowing into the gap that is forming at the bottom.

ln fact, both the Kroll and Gutman theories predict that if no gaps form below the bed, then there

is no gas flow into or out of the bed, and neither model can be solved in such cases.

An attempt was made by Buevich and Galontsev [1978] to include the effect of bed expansion

during the flight fraction of the cycle, and bed compression at the instant of collision. They reasoned

that the drag on the top-most layers caused by the down-flowing gas during the bed lift-off would

be lower than for the rest of the bed, and so would allow these layers to lift off earlier and at a faster

velocity than the lower regions of the bed. In addition, the lower surface also experienced a greater

drag than the rest of the bed, so there would be an expansion into the gap that was forming at the

bottom. The bed was assumed to expand uniformly, so that the center of gravity of the bed re-

mained in the middle of the varying bed height at all times. They correlated the varying acceler-

ations experienced by different layers due to delayed 1ift·off and different drag effects by introducing

a term, which described the ratio of the drag on the top-most layers to that on the lower regions

of the bed. However, it proved to be difficult to estirnate this parameter, and later studies using this

model have attempted to measure this ratio experimentally {Buevich and Kharisova,l978], and ex-

arnine the effect of varying gas permeability caused by bed porosity variations during a cycle on

forced gas flows through the bed [Erdesz and Halasz,l984]. The model treats the gas flowing

through the bed as incompressible, whereas beds with significant periodic porosity variations, un-

fortunately, are tall small-particle beds in which, according to Gutman’s analysis

[Gutman,l974,l976a], compressibility effects become important.

A more detailed mathernatical treatment of some of the models described above is given in Chapter

6.
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1.2 Heat Transfer

Heat transfer from a surface immersed in a vibrated bed is several times higher than in a stationary

packed bed, and measured heat transfer coefficients are comparable to those in gas-fluidized beds.

The pressure drop of the gas flowing through vibrated beds is much lower than in gas·fluidized

beds, since the gas no longer has to support the weight of the particles. lt is apparent that the vi-

brated bed can be an attractive heat transfer device.

The experimental procedure generally used for measuring the surface-to-bed heat transfer coefli-

cients has been to immerse a heated body (a heat-transfer probe) fixed relative to the vessel, within

the bed. The surface temperature of the probe and the bed temperatures are monitored as the heat

from the immersed body warms up the bed. Heat transfer from the side·wal1s and bottom of the

containing vessel to the bed have also been studied. The temperature gradients within the bed have

been found to be small at atmospheric pressure [Chlenov and Mil<hailov,1972], so that an overall

surface-to-bed heat transfer coeflicient may be defined.

A variety of surface geometries have been studied including flat vertical surfaces, flat horizontal

surfaces, horizontal cylindrical surfaces (tubes passing through the bed), and spherical (see for ex-

ample, Table l on page 14). The heat transfer coeflicients are influenced by several factors such as

the vibrational parameters, vessel and heat-transfer surface geometries, particle size and type, and

position of the heat transfer surface in the bed.

influence of Particle Size

A compilation of some typical values of heat transfer coefficients is summarized in Figure 2 on page

13 and Table l on page 14 as a function of the particle size. Although these data represent many

varying experimental conditions and different particle types, a trend of increasing heat transfer with
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Table 1. A summary ol conditions used to measure surface-to-bed heat-transfer coellicients ln
previous vibrated-bed studies

Authors Data K f(Hz) Bed Depth Particle Type Type of Heater
Set (mm) and Shape

Sapozhnikov and 1 3 . 6 52
Syromyatnikov 2 3 . 6 52 45 synthetic corrundum spherical
(1969) 3 6 . O 5 7 to (angular) heating probe

4 2 . 5 41 50

Ryzhkov et al. 5 2 . 5 15
(1976) 6 9 . 9 30

7 2 . 5 15 100 aluminum oxide vertical
8 9 . 9 30 to (spherical) heating surface
9 2 . 5 15 500

10 9 . 9 30

Kossenko ct al. 11 2 . 7 20
(1975) 12 3 . 7 40

13 9 . 0 60 120 fme
14 2 . 7 20 to electro-corrundum horizontal
15 2 . 7 20 140 (angular) tube bundles

3 . 0 20
16 5 . 0 40

9 . 0 60

Bukareva et al. 17 2 . 9 40 70 quartz sand vertical heater
(1970) (angular)

Gutman 18 3 . 0 20
(1974) 19 5 . 0 50 65 glass beads {lat

20 4 . 5 50 (spherical) vertical heater
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decreasing particle size can be observed. The heat transfer coefficients have values between 150 and

700 W/mz-K. Kal’tman and Tamarin [1969] and Zabrodsky et al. [1968] report values as high as

1200 to 1400 W/m2—K, but these values must be treated with some suspicion since the immersed

surface was at temperatures as high as 900°C, and it is not clear whether the high values reported

could be as a consequence of radiation from the surface or due to the unsteady-state nature of the

measurement method used. All investigators referenced in Table 1 on page 14 report a continuous

increase in heat transfer coefficient with decreasing particle size, down to 100 pm. However,

Zabrodsky et al. [1968], using a spherical heater located a maximum in the heat transfer coeflicient

for a particle size of 30 pm, whereas the maximum reported by Kal’tman and Tamarin [1969] oc-

curred around 70 pm also using a spherical heat-transfer surface.

The Effect of Heat-Transfer Surface Geometry and Vibration Conditions

The geometry and orientation of the heat-transfer surface is important in deterrnining the heat

transfer coefficient. Bukareva et al. [1969] measured the coefficient using both flat, vertical and

horizontal heating surfaces. The results for quartz sand (280 to 350 pm) are shown in Figure 3 on

page 16, and clearly indicate that the coefficients for the vertical surface are much higher than those

for the horizontal. This difference has been attributed to the air gap that forms between the hori-

zontal surface and the bed during the flight period of the bed. The heat transfer coefficient was be-

lieved to have increased with increasing vibrational velocity, due to the increased particle circulation

that was induced as a result. Maxima in the curves for horizontal surfaces occurred as the increase

in the size of the gap offsets irnprovements produced by particle circulation.

One would expect a variation of heat transfer coeflicients intermediate between these extremes if a

horizontal cylindrical or spherical surface were used; and indeed, the results of Laikovskaya et al.

[1968] using a spherical heater and 160-pm corrundum particles, confirm this. The heat-transfer

coeflicient increased rapidly with increasing values of the vibrational intensity parameter K, at low

values of K, and reached a maximum at K= 5.3, then it gradually dropped with further increases in
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K. Data for horizontal tube bundles obtained by Kossenko er al. [1975] also show simi1a.r trends.

When using a single in-line row of tubes of 38-mm diameter in a vibrated bed of depth 160 mm,

at a frequency of 20 Hz, they observed limiting values in the curves of heat transfer coefficient

plotted against K (Figure 4 on page 18). Sapozhnikov et al. [1976] showed that the local heat

transfer coeflicient which varied with angular position around the tubular surface was always lowest

at the bottom of the tubes, and highest at the lateral positions. However, this variation was attri-

buted to observed differences in the particle circulation rates with angular position.

The results of Bukareva er al. [1969] (Figure 3 on page 16), would indicate that heat transfer from

the horizontal heat-transfer surface is dependent on the frequency, with the heat·transfer coefficient

dropping off as the frequency is increased. However, heat·transfer coeflicients for the vertical surface

fall onto a single curve for all frequencies if plotted against the vibrational velocity. Heat-transfer

measurements by Strumillo and Pakowski [1980] from flat vertical surfaces immersed in beds of

calcium carbonate spheres with diameters between 328 and 1730 pm show little dependence of the

heat·transfer coeflicients for a given particles size on the frequency (for a fixed amplitude of

0.125 mm) when K > l. Kal’tman and Tamarin [1969], correlating their experimental results on the

basis of a packet-type heat-transfer model (to be discussed later in Chapter 7), suggested that the

optimum heat transfer coefficient would be located at the vibration parameter for which:

u,,„„‘·° : 7.6 or K: 0.78w°‘4 [1.6]

Here, a, is the vibrational arnplitude, and m( = 21rf) is the vibrational velocity.

This relationship should be used with caution since it was based on data obtained from a narrow

range of experimental conditions, and is therefore independent of experimental conditions such as

particle size. Equation [1.6] obviously does not fit the data of Kossenko et al. [1975], (Figure 4

on page 18), which clearly indicate that the optimum value of the heat-transfer coeflicient occurs

at larger values of K as the particle size is decreased.
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Wall—to-bed heat transfer coefficients have been measured to be much higher than for immersed

vertical surfaces. Values as high as 1200 W/mz-K have been reported [Bukareva et aI.,l970]. Plots

in the reference were of the heat-transfer coefficient as a function of vibrational amplitude, and show

an apparently strong frequency dependence. However, a given arnplitude would then represent a

range of values of K for different frequencies; if the data are replotted using K as the abscissa

(Figure 5), it is seen that the frequency dependence is much less at low K, until a frequency of

50 Hz is reached. There is a large jump in heat transfer at 60 Hz and the heat transfer at high K

appears to be quite high.

The heat transfer from the vessel base to the bed has been studied by Muchowski [1980]. The heat

transfer coeflicients ir1creased from packed·bed values at K= 1 to a limiting value of about

125 W/m2·K at K= 3 for 500-pm glass spheres. With 100-um glass spheres, the heat transfer co-

efficient went through a maximum of 285 W/mz-K.

Effect of Gas Pressure in the Bed

Decreasing the gas pressure within the vibrated bed has been found to decrease the surface-to-bed

heat transfer coefficient. At a gas pressure of 40 Pa, the heat transfer coefficient was measured by

Sapozhnikov and Syromyatnikov [1969,1970] to be about 40 W/m’—K, which is close to packed-

bed values. Coefficients for heat transfer from the bottom of the vessel to the bed were found to

be between 15 to 20 W/mz-K at a pressure of 13 kPa for glass beads of all sizes regardless of

whether the bed was mechanically stirred or not [Muchowski and Marinchen, 1980].

Effects of Particle Circulation and Mixing

The quantitative effects of particle circulation and mixing on heat transfer properties of vibrated

beds have not been thoroughly investigated. Ryzhkov et al. [1976] have measured the bed-to-

surface heat-transfer coefficient in a relatively deep bed. For values of K ranging from 1.2 to 1.4, the
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heat transfer coefficient was about 550 to 570 W/mz-K at the top of the bed where a high particle

circulation rate was observed; and the value of the coefficient was 80 to 100 W/mz-K near the

bottom of the bed where there was little particle circulation. As K was increased, the bed became

less consolidated, and particle mixing appeared to extend from the top to the bottom of the bed,

leading to an almost identica.1 heat transfer coefficient over the entire height of the bed.

Muchowski and Marmchen [1980] induced additional particle circulation into the vibrated bed by

mechanical stirring at different speeds. With additional mechanical stirring at 101 rpm, the heat

transfer coefficients for 1000-pm glass spheres were as high as 200 W/mz-K at K= 1 (cornpared

to 100 W/mz-K at K= 3 without stirring). However, as K was increased, the value dropped until

at K=4, it was approximately equal to the heat-transfer coefficient without any stirring for that

value of K (Figure 6 on page 22). When stirring 100-pm glass beads, the greatest improvement was

again at K = 1, with curves for different stirring speeds going through a single maximum, and then

dropping off together. lncreasing the stirring speed from 50 to 100 rpm always gave improved heat

transfer coefficients, but this improvement decreased with increasing K. It is possible that the re-

duction in heat transfer to stirred packings with increasing K was due to the size and duration of

the periodic gap that forms at the bottom of the bed. This gap could act as a resistance to heat

transfer, but also the presence of the gap could reduce the friction between the bed and the vessel

base leading to the bed simply rotating with the mechanical stixrer, rather than being mixed by it.

However, Muchowski’s plots of data are difficult to compare with those in the other literature, since

they are lines of constant amplitude, and therefore represent varying frequencies across the range

of K values on the abscissa.
U

The presence of an immersed heat-transfer surface in itself alters the particle circulation pattems in

the locality of the surface. Thus the overall and local heat-transfer coefficients for tube bundles are

a function of the number and arrangement of the tube·bundle rows in the bed ]Kossenko

et aI.,l975 Sapozhnikov ez aI.,l976].
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1.3 Uses of the Vibrated Bed

Although the phenomenon of vibrofluidization was described and studied by Bachmann in 1940,

and subsequently modeled mathematically by Kroll in 1955, it was not until the work of Chlenov

and Mikhailov [1964], nearly fifteen years after the first description of the phenomenon, that there

was any cornrnercial interest in the vibrated bed. Since then the number of commercial applications

has grown steadily with most being in the drying of granular solids [Pakowski er aI.,l984]. The

majority of large·scale applications have been in the Soviet Union and Eastem Europe where the

preponderance of literature originates. Chlenov and Mikhailov [1972] give several examples of

commercial vibrated-bed applications using both non-moving and conveyed vibrated beds. A par-

ticularly interesting example of a commercial application which they cite is that of a French firm

which uses a vibrated bed for drying 3000 kg/hr of material. A comparison of power usage with a

gas·fluidized bed showed that the air flow rate through the bed was halved by using the vibrated

bed. The pressure drop across the bed was reduced since the weight of solids no longer needed to

be supported. As a result, the pumping requirement was reduced from 22 kW to 5 kW. The extra

power required to vibrate the bed was just 2.2 kW if the unit was operated at the resonance fre-

quency of the vibrating system.

A theoretical analysis of power usage for the vibrated bed by Gutman [1974] has shown that the

power required to vibrofluidize coarse particles is less than for gas-tluidization. For fine particles,

where the differences in power requirement are smaller, the vibrated bed has the advantage of hav-

ing a reduced carry~over of fines. Studies of the segregation of granular material with a widely dis-

persed particle size under the action of vibration [Williams and Shields,l967; Ripple et aI.,l973[,

show that fmer fractions tend to move down to the bottom of the bed while large particles "float"

to the top.
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The vibrated bed is in wide use for drying various materials such as pharmaceutical preparations,

foods, fertilizers, inorganic salts, and plastics. Most vibrated-bed dryers are of the conveying type.

Where a short residence time is required, a straight horizontal trough is used, whereas a spiral up-

flowing bed is used to achieve long residence times [Strumillo and Pakowski,l980|. Vibrated beds

have found favor for use in drying for the following reasons:

•
The vibrations produce an intensely mixed bed without requiring the flow of fluidizing gas

through the bed, thus eliminating the elutriation of frnes, while at the same time, considerably

enhancing the heat and mass transfer, and giving higher rates of drying [Strumillo and

Pakowski,l980[. This is particularly important to therrnolabile materials which would be de-

stroyed if large thermal gradients were to develop.
•

lt is possible to vibrofluidize wet, cohesive, and even paste-like substances with relative ease

[Ginzburg and Syroedov,l965; Zaitsev et al., 1976] when compared to gas-fluidization.
•

Mechanical action prevents beds of wet frnely dispersed powders from consolidating and

"seizing up" [Chlenov and Mikhai1ov,1967[; on the other hand, attrition of crystaline materials

such as sugar is greatly dirninished in the vibrated bed as compared to the gas-fluidized bed

[Pakowski et aI.,l984].
•

Radiant vacuum drying of extremely therrnally sensitive pharmaceuticals can be achieved, since

no air flow is required for the vibrated bed [Volovik et aI.,l975].
•

The conveying vibrated-bed dryer has a narrow spread of residence time distributions of the

product, which is desirable. This plug flow is achieved by having a large length-to-width ratio

of 8 to 10, which is virtually impossible to achieve in a gas—f1uidized bed [Pakowski er aI.,1984].

Because of the high rates of heat transfer that can be achieved between heating surfaces and the

vibrated bed, and between particles in the bed and a gas flowing through the bed, the vibrated bed

makes an excellent heat~transfer device. A vibrated-bed heat exchanger has been proposed which

exchanges heat between counter·current horizontally flowing strearns of solids and hot air, or be-

tween a hot gas and a non-flowing vibrated bed of solids [Liu and Squires,l986]. Studies by Cheah

Introduction and Review of Previous \Vork 24



[1986] have shown that the pressure drop across the bed is small when compared to similar ilows

across gas-iluidized beds, and the heat recovery rate is high.

The vibrated bed is also in increasing use as a reactor because of the high mass- and heat-transfer

rates that can be achieved, as well as the absence of bubbling. Studies of coal carbonization in a

laboratory oven [Konyakhin et aI.,1976] showed that the carbonization rate was almost doubled

when the reactor was vibrated, and the coke quality indices were irnproved. More recently, the

Fischer-Tropsch synthesis reaction has been studied in detail using a laboratory·scale vibrated-bed

micro-reactor [Whiting,I985], which allowed a study of the reaction with a rapid switching of the

feed gases using very low flow rates.
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2.0 The Scope of This Study

The general overview of the current literature in the previous chapter indicates that the vibrated bed

has several commercial uses. A vibrated bed is classified as being "deep" or "shallow', depending

on the value of the ratio of the height-to-diameter ratio (L/D) of the bed. If this ratio is less than,

say 0.5, the bed is usually defined as shallow; and if (L/D) < l, the bed is described as ultra-shallow.

Measurements of heat·transfer coellicients at various points along the height of the bed indicated

that the heat transfer and particle circulation improved toward the top of the bed [Ryzhkov

er aI.,l976|. This indicates that shallow vibrated beds are probably preferable to deep beds for

purposes of mass or heat transfer, since the particle circulation at the lower regions of the deep bed

will be poor without any extemal aids.

This study is undertaken with the primary objective of gaining a better understanding of shallow
l

vibrated beds, particularly in those areas pertaining to its use as a heat-exchange device and as a

chemical reactor. This requires an extensive examination of bed dynamics, measurement of

surface·to-bed heat-transfer coeflicients, and an investigation of the heat-transfer mechanisms in the

vibrated bed.
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2. I Limitations of Previous Studies

As will be illustrated in the following sections, the current literature in many instances either inad-

equately described and explained many phenomena, or results of different investigators were in

conflict. Some of these differences arise from the varying conditions under which results were ob-

tained — sometimes even within the same study.

2.1.1 Equipment Limitations

Previous studies have been conducted using many different types of equipment, some of which

appear to have introduced some characteristic peculiarities into results obtained through their usage.

2.1.1.1 Vibration Equipment

Two types of vibrators have commonly been used for producing the mechanical vibrations required

to induce vibrofluidization:

Electromagnetic vibrators use a coil assembly positioned axially within a strong hollow cylindrical

permanent magnet. The coil assembly is directly attached by a shaft to a light·weight vibration

table which is suspended from a set of weak leaf-springs. When the coil is energized by an alter-

nating current, it responds by moving vertically within the magnet, with its position at any time

determined by the polarity and magnitude of the applied voltage.

Mechanical vibrators basically consist of a massive vibration table that is vibrated by a mechanical

method. The table is suspended from a set of stiff springs. The drive mechanism can be one of two

basic designs. ln one design, the vibration table is driven directly by an eccentric cam which is ro-
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tated by an electric motor. The altemative design uses two motors that are attached onto the vi-

bration table. Unbalanced weights are attached to the axes of the motors, so that when they rotate,

a vibrational motion is induced in the table.

Gray and Rhodes [1972] have used both types of vibrators in their studies, and report that a dif-

ference in bed characteristics could be observed depending on the type of vibrator used. In partic-

ular, they conclude that when using the electromagnetic vibrator, the bed porosity is

frequency-dependent, whereas when using the mechanical vibrator, no such dependence can be

observed. They asciibe this difference to the different frequency responses of the two types of vi-

brator. The frequency response of the electromagnetic vibrator was measured to be nonlinear, be-

cause of the occurrence of resonance within the range of operational frequencies; whereas the

response of the mechanical vibrator was measured to be linear. However, an examination of the

technical specifications of many commercially available electromagnetic vibrators show that such

vibrators exhibit essentially a flat response within the range of frequencies normally used for

vibrofluidization (5 to 200 Hz). It is not clear why Gray and Rhodes observed a nonlinear response.

It is possible that additional stiffer leaf-springs were used in their experiments to suspend the vi-

brating vessel. If this was done, the frequency response would have been determined by the stiffer

leaf~spring assembly that was added to the system, and not by the electromagnetic vibrator itself.

There are also factors other than the frequency response of the vibrator that might have been re-

sponsible for the anomalies noted by Gray and Rhodes. It is clear from the waveforms of acceler-

ation given in the reference [Gray and Rhodes,l972| that there is severe distortion of the sinusoidal

displacement of the table when using an electromagnetic vibrator. This is caused by the collision

between the heavy bed and the relatively less massive vibration table on the electromagnetic vibra-

tor. The collision produces a change in the momentum of the vibrating table, and consequently a

distortion in its acceleration and displacement. This distortion will alter the vibrational intensity,

thereby causing changes in other factors such as the size and duration of the air gap that forms

between the bottom of the bed and the vessel floor. Since the mass of the vibration table on a

mechanical vibrator is large compared to the bed weight, the bed-vessel collision produces only a
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slight change in the momentum of the table. Therefore, the distortion of the acceleration and dis-

placement waveforrns will be minimal when using a mechanical vibrator. The response of the

electromagnetic vibrator to the bed-vessel collision can be made similar to that of the mechanical

vibrator by increasing the weight of the table, so that it is several times more massive than the bed.

This can be achieved by rigidly attaching additional weights to the table, and using still leaf-springs

which support the additional weight added.

2.1.1.2 Phase-Correlation ofCyclic Phcnomena

Many physical properties of the bed such as the gas pressure within the bed, the bed porosity, and

the size of the air gap below the bed, vary cyclically usually with the same period as the applied

vibration. lf a number of cyclically varying properties are measured over the period of a cycle, it

becomes necessary to correlate them to the phase of the displacement of the vibrating table. This

will allow the interaction between the vibration and the properties to be established. For example,

suppose that the displacement of the bed relative to the vessel base is observed. lt is impossible to

determine the exact point in the cycle where the bed lifts off or collides with the vessel base, unless

the information on the relative bed displacement is matched with the phase of the vessel or table

displacement.

Previous studies have usually achieved phase-correlation by simultaneously displaying both the

output signal of the transducer used to measure the property being examined, and the vessel dis-

placement on an oscilloscope; but the resolutions of most oscilloscopes are poor and the method

can lead to errors. Moreover, if the displacement signal is distorted, further errors will be introduced

into the phase~correlation. This is particularly true if the acceleration waveform is being used for

phase-correlation [Gray and Rhodes,l972], since the acceleration signal will always contain small

amounts of noise (see section 3.3.l.l in the next chapter for a further discussion of the noise in-

herent in acceleration waveforms).
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To obtain accurate phase-correlation of any property, it is also necessary to eliminate or calibrate

a.ny phase lags that are inherent in the transducers used to measure the property (see also the next

section on pressure measurements).

A failure to correctly phase-correlate measured properties or eliminate transducer phase lags may

have resulted in some arnbiguous results in the literature. For instance, the variation of gas pressure

beneath a 40-mm deep bed of 250-599-pm glass beads, as well as the thickness of the air gap below

the bed were measured by Gutman [1974]. The data shown graphically in Figure 7 on page 31,

were obtained at a frequency of 20 Hz with K= 2.06. The pressure below the bed was measured

by a surface—mounted pressure transducer, and the thickness of the air gap was measured by a

capacitance transducer [Gutman,l974,l976a]. As shown in Figure 7 on page 31, the gauge pressure

in the gap increases above zero even though the gap is still expanding. This is physically impossible

unless the bed undergoes compression during the flight period, forcing out air into the gap and thus

causing the pressure in the gap to increase. lnstantaneous measurements of bed porosity using a

capacitance technique [Gutman,l974,l976a; Rippie er rd.,1978] would Suggest that the bed does

not undergo any compression during flight, since the bed voidage remains approximately constant

during the flight period. Another anomaly that may.;e noted in Figure 7 on page 31 is that the

sharp positive peak in the pressure, that should occur at or after the instant when the bed collides

with the vessel base, actually occurs prior to the collision while the bed the bed is still in flight.

These anomalies may be due to one or more of the following reasons:

1. The measurement of the air·gap thickness was carried out in a 12.5-mrn by 100-rrun rectan-

gular vessel, whereas the pressure measurements were made in a 63-mm·diameter cylindrical

vessel.

2. Either one (or both) of the output signals from transducers used to measure the air gap thick-

ness and pressure were incorrectly phase correlated with the vessel clisplacement.
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-20 Hz; K - 2.06. Note that the gauge pressure rises above zero while the gap is still
expanding. [Gutman,1974].
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3. There are inherent phase lags present in the system used to measure pressure and/or the

transducer used to measure air-gap thickness.

lt is likely that the difference in vessel sizes may account for some inconsistencies, but without

eliminating causes (2) and (3), it is impossible to clearly establish this. It is also worth noting,

however, that later attempts by Akiyama and Naito [1987] to measure the pressure beneath an

identical bed showed that there were significant phase differences between their experimental results

and those of Gutman.

2.1.1.3 Iustantaneous Measurement ofCyclic Pressure Variations Below the Bed

_

All models of the vibrated bed predict that the time-averaged gauge pressure below the bed should

be equal to zero provided that porosity variations are not significant over a cycle of vibration.

Measurements of the pressure below the bed by Chlenov and Mikhailov [1965] were made using a

differential manometer mounted remotely from the vibrating vessel and connected to the bottom

of the bed by a narrow tube. The measurements indicated that the average pressure below the bed

was always below atmospheric. They attributed this observation to voidage variations during the

flight period. As described in the previous section, they argued that the "air—pumping" effect

produced by this average negative pressure below the bed was responsible for particle circulation

in the bed. Gutman [l974,l976a|, however, argued that this was in fact a false result observed be-

cause of the presence of a large volume of air in the tube (comparable to the volume of air in the

gap below the bed) between the sampling point at the vessel floor and the pressure transducer.

Gutman [1974] showed that if pressure transducers were mounted directly below the bed without

the presence of a dead volume, the average pressure below the bed was actually about 3% above

atmospheric.

However, as outlined in the previous section, it is possible that Gutman’s pressure measurements

contained some phase-lag errors. Gutman [1974] did check the pressure transducers for possible
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phase-lag errors, but did not include in the test, the additional resistance that could be introduced

by the fine-mesh screen that was used to keep particles from falling into the transducer.

2.1.1.4 Heat- Transfer Probes

The most common method for experimentally determining surface-to-bed heat·transfer coefficients

is to imrnerse a heated probe into the bed, which exchanges a known quantity of heat with the

colder bed. By measuring the surface temperature of the probe and the bed temperature, the heat-

transfer coefficient may be calculated. As outlined in the previous chapter, a number of different

heat·transfer surface geometries have been used. Deficiencies exist with many of the probe designs

used in some previous studies of vibrated-bed heat transfer. These are discussed fully in the next

chapter, but are summarized briefly as follows:

•
The surface of the probe may not be isothermal due to the variation of the local surface-to-bed

heat-transfer coefficient around the surface of the probe. This will cause a transfer ofheat along

the periphery of the surface, leading to errors in the measurement of the heat-transfer coeüi-

cient.

• Heating elements used in many probes have dead zones at either end where no heat is gener-

ated. This produces distortions in the heat flow at the ends of the probe, and may lead to

non-isothermal conditions at the ends of the probe.

• The marmer in which thermocouples used to measure the surface temperature of the probe are

placed could introduce distortions in the heat fluxes within the probe. Grooves cut into the

probe to carry thermocouple leads distort heat fluxes, since they are filled after the leads are

inserted, with a material of lower thermal conductivity than the material of construction of the

probe. Instead, if the leads pass into the bed, they may act as fins, sinking heat directly into the

bed.
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•
If the probe is held in place by vertical supports, solid circulation patterns at the ends of the

probe could be altered, particularly for fine particles. This could lead to severe end effects in

the process of heat transfer from the probe to the bed.

2.1.2 Bed Dynamics

Different aspects of the bed dynamics are investigated to obtain a better understanding of the

physics of the bed. ‘

2.1.2.1 Validity of the Plastic Body Analogy

The primary assumption of almost all models for the vibrated bed has been that the bed behaves

as a single plastic porous body. The plastic mass analogy assumes that the bed will lift off the base

as a coherent mass, that is, the position of the center ofgravity of the bed is always midway between

the top and bottom bed boundaries, and also that there is no siguificant expansion of the bed.

Limits on this assumption have been suggested by various investigators. Upper vibrational limits

of 200 Hz at 10g have been suggested by Gray and Rhodes [1972} because of the requirement that

the bed-vessel collision process must be complete before lift-off in the following cycle. Obviously,

if the bed has not completely collapsed, lower pa.rticle layers will attempt to lift off when top layers

are still falling downward. A process of inter-layer collisions will occur, possibly resulting in a

break-up of the uniformity of the bed. The upper frequency limit was based on a velocity of

propagation of a stress·wave in a packed bed of 150 m/s. However, it is not certain if this velocity

will be the same in a loose or fluidized bed.

A bed depth of 6 particle diameters has been suggested by Bachmann [1940} as a lower limit at

which the bed will still behave as a coherent mass, that is, all particles in the bed will lift off the
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base in concert producing an air gap between the bottom of the bed and the vessel floor. Below

this limit, it is assumed that particles will tend to follow individual trajectories dictated by simple

Newtonian mechanics. There has been little investigation of ultra-shallow beds, even though the

radiaut drying of pastes has been found to be best suited to bed depths of 1 to 5 mm [Volovik

er aI.,1975]. It is not clear if once this lower limit is exceeded and coherent behavior is established,

whether the bed will then immediately act as a single plastic mass, or whether large cyclic voidage

variations will persist for all bed depths which can be described as ultra-shallow.

Gutman [1974] postulates that deep beds (L/D > 1) at high frequencies and vibrational intensities

might break up during the flight period due to the occurrence of tensile stresses in the bed.

Pakowski et al. [1984] suggest that such large voidage variations may be the reason for the dis-

crepancies between the pressure measurements of Gutman [1974,1976a] and those of Chleuov and

Mikhailov [1965]-but see also chapter 5 for a fuller discussion.

It has been suggested that the vibrated bed does not lift uniformly off the vessel base as the plastic

body analogy would require [Buevich and Galontsev,1978]. lnstead, top layers of rnillet gaius have

been observed to lift off prior to lower layers of the bed [Kapustin et aI.,1980]. Buevich and

Galontsev [1978] have attempted to extend the usefulness of the plastic body analogy by including

bed expansion into the analogy. It is possible to do this as long as the center of gavity of the bed

is always maintained midway between the top and bottom boundaries of the bed, so that it will

always be at the same position as the center of gavity of a single plastic mass that is equivalem to

the bed. This is because models based on the plastic body analogy attempt to predict the motion

of the center of gavity of the plastic mass. The above constraint on the relative location of the

bed’s center of gavity makes it necessary to assume that both upper and lower boundaries of the

bed expand uniformly during flight. However, there are no reports in the literature of any detectable

expansion at lower boundaries of the vibrated bed.

To summarize, the plastic body analogy will possibly break down in the following circumstances:
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1. the bed-vessel collision process is not completed before the instant of lift-off in the following

vibrational cycle.

2. large voidage variations occur during the cycle, which may cause the bed to break up, or for

cavities to be created within the bed.

3. the expansion of the bed is non~uniform, so that the center of gravity of the bed is not always

located half-way between the upper and lower bed boundaries.

For the purpose of determining the applicability of current models to shallow beds, or to formulate

new models, it is necessary to establish by experimentation, the practical conditions which would

introduce one or more of the conditions listed above, thus establishing limits on the validity of using

the plastic body analogy.

2.1.2.2 Bed Mobility and Particle Circulation

The lowest value of the vibrational intensity parameter at which bed mobility is induced is called

the critical vibrational intensity (K„). In large-particle beds, K„ = 1, but for fine particles, K„ can

be much higher. The particle size below which the value of K„ increases above unity is usually

quoted to be 100 pm [Gutman,1974]; but it has not been established why this should be the critical

particle size, or whether in fact it might also depend on other particle characteristics such as solid

density and particle cohesiveness. Ur’ev [1978] has found that K„ for particles with diameters of

2 am and less, can be as high as 8. The addition of a surfactant to the system which reduced the

inter-particle cohesive forces had the effect of reducing K„ to a value of about 2. If additional energy

is required to provide the shear needed to initially break up a cohesive bed, the energy required to

re·vibrolluidize the bed once it has been aerated might be lower. There have been no studies to

examine if K„ exhibits such a hysteresis, but it would seem more likely in light of the evidence
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suggested by Ur’ev [1978], that the value of K„ is deterrnined by the cohesiveness ef fine powders,

rather than simply by their particle sizes.

Once bed mobility is induced particles begin to circulate within the bed. Several investigators

[Kro1l,1954; Takahashi er aI.,l968; Buevich el aI.,l979; Kapustin et aI.,1980; Muchowski,1980]

have investigated the particle circulation, but there is disagreement en the types of particle circu-

lation patterns that have been observed. Kapustin et al. [1980] have examined the particle circu-

lation in beds with depths varying from 10
to.

100 mm, using frequencies of 10 to 40 Hz, and

vibrational intensities of 2g to 4.5g. They found that overall circulation pattems did not exist in beds

of particles with a diarneter less than 100 pm. Mixing in such beds was caused entirely by the

passage through the bed of gas bubbles created by the gas·pumping action of the vibrated bed. This

was also confirmed by Muchowski [1980] who described beds of 100-um particles as being turbulent

in nature, with the mixing in the bed being of a totally random nature. For particle sizes in the

range of 100 to 1000 pm, Kapustin et al. [1980] observed a downward flow ef particles at vessel

walls, accompanied by an upward flow in the center of the bed. The downward flow at the walls

extended only a few particle diarneters inte the bed. Therefore, to maintain a continuity of solids

flow, the downward flow at the walls would have to be several times faster than the upward flows

within inner regions of the bed; and this was in fact observed.

On the other hand, studies by Kroll [1954], Buevich ez al. [1979], and Muchowski [1980] seem to

suggest that the type of circulation patterns described by Kapustin et al. described above, are re-

stricted to large-particle beds. They observed a different type of circulation pattern in srnall·particle

beds, particularly those which exhibited a tendency to form a top surface that was not flat. ln this

type of circulation, particles move within lower sections of the bed from a shallow regen toward

the deeper regen of the bed. The return flow from the deep to the shallow regions is mainly in a

narrow section at the top surface of the bed.
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In addition to different types of particle circulation patterns observed by various investigators, a

number of different mechanisms have been suggested for the circulation pattems observed. These

include the following:

•
Muchowski [1980] attributes particle circulation to the differential frictional drag experienced

by various layers of particles in the bed. During the initial period of bed flight, when it is

moving upward relative to the vessel, the friction at the vessel walls tends to slow down the lift

of wall-adjoining particle layers, thus inducing a relative downward motion in these layers.

•
According to Chlenov and Mikhailov [1972], the downward flow of particles at the walls is

caused by an average negative gauge pressure below the bed - which they had measured earlier

[Chlenov and Mikhailov,1965]. The average negative pressure induces a flow of gas downward

at the walls where the bed porosity is highest. The down·flow of gas drags particles in this re-

gion along toward the bottom of the bed. To maintain solid continuity, particles would have

to move upward at all other regions of the bed.

•
Gutman [1974] theorizes that particle circulation is caused by average differences in the pressure

between various horizontal locations within the bed. However, Gutman never experimentally

measured any horizontal pressure distributions within the bed, and was therefore unable to

offer any experimental evidence for this mechanism.

•
Particle movement in the vibratcd bed has been attributed by Buevich et al. [1979] to instan-

taneous variations in the horizontal pressure distribution across the bed, which occur for only

a part of the vibrational cycle. Since their explanation of particle circulation is closely related

to bed bunkering, a fuller discussion of their proposed mechanisms are given in the following

section on bed bunkering.

It is possible that more than one type of particle circulation and mechanism may be applicable.

The exact type may depend on bed conditions as well as vibrational parameters. However, since
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particle circulation has not been exarnined over a wide range of particle and bed parameters by any

one study, observations of particle circulation and mechanisms remain inconclusive.

There appears to be no literature on particle circulation in ultra-shallow beds. Although Volovik

et al. [1975] have observed intense solid mixing in such beds, they do not describe any particle

circulation pattems.

lt is clear that any solid object such as a heat-transfer surface that is immersed in the bed and fixed

to the vessel will interfere with particle circulation. Sapozhnikov er al. [1976] attributed lowered

local heat-transfer coefficients at the bottom of tubes to reduced particle circulation below the tubes,

which they observed using X-ray analysis of the bed. Despite this, there have been no systematic

studies of alterations to particle circulation caused by the presence of a heat-transfer surface within

the bed.

2.1.2.3 Shape of the Top Surface of the Bed

Gutman [1974] has alluded to the possibility that the top surface of a vibrated bed might not be

horizontal, but has not reported beds with such surfaces in his study. Kroll's [1954] observations

indicate that in general, large particle beds will have an approximately level surface if vibrations

applied to the bed are completely vertical. Small-particle beds, however, often exhibit 'bunkering",

that is, they tend to pile up in certain sections of the vessel so that the top surface of the bed is far

from level. The bunkering observed by Kroll was in some cases so severe that certain areas of the

floor of the vessel became uncovered. Buevich er al. [1979] also observed this behavior in small-

particle beds. However, Pakowski et al. [1984] state that bunkering is common only in large-particle

beds contrary to the observations of other investigators.

Bunkering can have important consequences on both mass and heat transfer within the bed. If the

bed were to bunker in one section of the vessel, heat-transfer surfaces in other sections of the vessel
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might become exposed, leading to drastic reductions in heat transfer. An extemally induced gas flow

that passes vertically upward through the bed for the purpose of mass transfer with the bed, will

now bypass the bed in sections of the vessel where the bed depth is very shallow. As a consequence,

the gas will have different residence times in various sections of the bed. On the other hand, bed

bunkering can also have positive effects. If, as described in the previous section, particle circulation

is caused by the motion of particles between regions of the bed of different depths, then bunkering

will serve to improve particle circulation. This will lead to improved heat transfer rates if the heat-

transfer surfaces remain immersed within the bed.

Despite this, there have been no studies of what factors affect bed bunkering. Possible variables that

might affect bunkering include: particle size, particle density, bed depth, bed geometry, and prop-

erties of the gas atmosphere within the vibrating vessel. Although a particle-size effect has been

noted as described above, none of the previous studies has established a critical particle diameter

below which bed bunkering will occur. Owing to the lack of experimental infonnation, adequate

mechanisms that explain bunkering do not exist. Gutman [1974] has compared bunkering to the

results of the U-tube experiment described in the previous chapter. He attributes bunkering to the

slow movement of particles from one section of the bed to another, driven by average horizontal

differences in pressure as described in the previous section. As particles move from one section to

another, bunkering is enhanced in regions of the bed that the particles move toward. However, as

stated in the previous section, Gutman has no experimental evidence of such average pressure var-

iations in the horizontal direction to support this hypothesis. Buevich er al. [1979] ascribe the oc-

currence of bunkering to micro-instabilities induced in the bed as a result of perturbations in the

pressure field within the bed. The micro-instabilities manifest themselves as "humps’ on the bed

surface. As a result, circulating gas flows are said to develop, in which gas penetrates the bed

through the valleys between humps and exit through the humps. Particles which are entrained by

these gas flows move in the same direction, leading to a deepening of valleys and a growth of the

humps. This eventually leads to large—scale bunkering within the bed. However, causes of pertur-

bations in the pressure field are not clearly explained.
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Flgure 8. Dependence of average floor pressure: during flight on bed depth: Bed of 80-um
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Buevich et al. [1979] therefore correlate the limit in the growth of a bunker to the average floor

pressure during bed flight. A plot of this variable as a function of bed height (as experimentally

measured by them) is given in Figure 8 on page 4l. The curve goes through a number of maxima

and minima over a bed height of 0.5 m. Buevich et al. performed a series of experiments in which

two beds of initially different depths were separated by a solid vertical barrier except for a narrow

slit along the bottom. When the beds were vibrated together, final bed heights on either side of the

barrier were determined by the value of the average floor pressure during flight, beneath each side.

If the initial bed depths were L, a.nd L, , such that Z, > L,_ and the average pressures beneath the

two beds during flight were I?,(L,) and F-,(Z,), respectively, particles were found to move from the

shallower bed to the deeper bed if F,(L,) > F/(Z,) . According to Figure 8, this would be the case

if for example, both beds were less than 60 mm deep. On the other hand, if both L, and Z, were

greater than 60 mm (but less than 180 mm), I?/(L,) < In this case, the two beds tended to

equilibrate to a common average value, since the movement of particles was now from the deeper

to the shallower°bed. _The situation again reversed beyond a bed depth of 180 mm. However,

Buevich et al. caution against extrapolating this behavior of two one·dimensi0nal beds that are

interconnected only along the bottom, to the general case of bunkerirrg in a two-dimensional bed.

In the two-dimensional bed, horizontal pressure gradients can develop throughout the height of the

bed, and not just at the bottom.

Pakowski et al. [1984] have described three final bed surface configurations that result as a conse-

quence of bu.r1kering - see Figure 9 on page 43. It is not known whether these are the total number

of possible surface configurations, or if a particular surface configuration will result given a set of

bed conditions.
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Flgure 9. Possible conflguratlons of the vibrated bed: The shape of the top surface of the vi-
brated bed as experimentally observed by Pakowski er al. [1984].
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2.1.2.4 Appearance of the Vibrated Bed

As described in the previous chapter, different forms of vibrofluidization have been observed by

various investigators. Each of these forms represent different physical appearances of the vibrated

bed, and can be summarized as follows:

Vibromobility The slight mobility of the bed which occurs when K < K„, usually accompanied by

some compaction of the bed caused by particle rearrangement [Chlenov and Mikhailov,1972].

Vibrofluidization When K 2 Km the bed becomes very mobile, and overall particle circulation pat-

tems are observed in the bed.

Vibroboiling At high values of K, the gas flows through the bed induced by bed vibrations (the so-

called ”air-pumping effect") can exceed the minimum fluidization velocity 11,,,, for the bed. At this

point, the bed has an appearance of being gas-fluidized. If the velocity of the induced gas flow ex-

ceeds the minimum bubbling velocity 11,,,,,, bubbles are created within the bed, giving an impression

of a boiling bed.

These observations have been made over a wide range of bed depths ranging from 10 rmn to over

1 m, a variety of particle sizes ranging from 2000 um to sub-micron sizes, different particle densi-

ties, bed configurations, and vibrational conditions. However, it has not been established whether

vibrofluidization characteristics are in any way affected by one or more of the factors listed above,

with the exception of the vibrational intensity parameter for which a clear dependence has been

established. It is also not certain if finer sub·divisions of bed behavior than those outlined above

exist, nor is it known if all these forms of vibrated-bed behavior persist for ultra-shallow beds.
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2.1.3 Heat Transfer

Botterill [1975] has observed that surface-to-bed heat-transfer coefficients in a gas·tluidized bed are

strongly affected by several factors including the geometric design of the fluidizing vessel, and the

heat-transfer surface. As the brief review in the previous chapter shows, this is certainly the case

with vibrated beds as well. For that reason, it is important to obtain an understanding of factors

influencing heat transfer from irnmersed surfaces. However, studies of the heat-transfer mechanisms

must be undenaken in laboratory systems that are representative of cormnercial applications, since

it is possible that the mechanisms might be altered by drastic changes in the design of the heat-

exchange system.

2.1.3.1 Geometry of the Heat- Transfer Surfaces

It is clear from the results of various investigators reviewed in the previous chapter [Kal’tman and

Tamarin,l969; Kossenko et 01.,1975; Muchowski,l980; Bukareva er aI.,l969; Gutman,l974] that

the geometry and orientation of the heat-transfer surface within the bed strongly affects the meas-

ured heat-transfer coefficient. The heat-transfer coeflicient is influenced by these factors because:

•
Air gaps form around horizontal surfaces immersed in the vibrated bed. Thus, the heat transfer

to the bed from the surface may be hindered by the additional resistance provided by the air

8aP-

•
The presence of the heat-transfer surface within the bed interferes with the overall solid circu-

lation pattems. This sets up different circulation patterns as well as dead zones - regions of little

or no particle circulation - in the locality of the heat-transfer surface.

Therefore, the heat probes used must reflect the geometric design of heat-transfer surfaces that

might be commercially used. This would include horizontally oriented cylinders (tubes), vertical
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surfaces that might represent fins and container walls. Measurements of heat transfer from the floor

[Muchowski,l980] and from flat horizontal surfaces [Gutman,l974; Bukareva et al.,l969] indicated

that because of poor heat-transfer rates, there is little practical use for such surfaces, unless vertical

fins are attached. In any case, spherical surfaces such as those used by Kal’tman and Tamarin [1969]

are of limited practical use.

2.1.3.2 Mechanisms Controlling Heat Transfer

Previous studies have attributed observed trends in the data on heat-transfer coefficients to different

factors. For example, Kal’tman and Tamarin [1969] using a packet-type model for the heat-transfer

process, suggest that the contact time of particles with the heater surface is the controlling factor.

The contact time is determined for a given length of the heater surface by the average particle ve-

locity. Small-scale fast circulation loops were observed in the vicinity of the heater. These loops

were smaller than the length of the heater. Therefore, Kal’tman and .Tamarin [1969] argued that

the contact time should be determined by the length of those circulation loops, and the average

particle velocity within them.

In a study of the thermal diffusivity of vibrated beds, Tamarin and Kal’tman [1971] equated the

dynamic vibrational energy input to the bed (zjwl) to the kinetic energy of particles in the bed.

By doing this, the root·mean-square value of the particle velocity was shown to be proportional to
z„w‘—‘

. This group is similar to the group (z„w‘·‘) used in equation [1.6] to determine the locus of

the maximum heat-transfer coeflicient. Tamarin and Kal’tman argued that this clearly suggested

that the heat-transfer process was controlled by the velocity of particles in the circulation loops.

However, Gutman [1974], using a flat vertical heater, did not observe any local circulation loops in

the vicinity of the heater surface. As a result, he argued that the contact time should be determined

by the length of the heater surface and the average overall particle circulation velocity. Using this

defmition of the contact time, the packet model of Kal’tman and Tamarin [1969] predicted heat-
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transfer coefficients of 125 W/mz-K that were much lower than the value of 400 W/mz-K exper-

irnentally determined by Gutman [1974]. Gutman [1976b] suggested instead that the major

resistance to heat transfer came from the presence of thin gas films between the heater surface and

particle layers adjacent to the surface. Note that these films are forrned as a consequence of the

packing of sphexical particles at the heater surface and are not the same as air gaps that form around

horizontal heating surfaces. The scraping of these thin gas films at the vertical heater surface, caused

by the vibrational motion of the particles next to the surface, was considered responsible for im-

proving the heat transfer in a vibrated bed over those measured in a packed bed of identical parti-

cles. Gutman’s model of heat transfer, therefore, assumes that the particle circulation - both overall

and in the vicinity of the heater - makes no contribution whatsoever to the heat-transfer process.

Although Gutman [1976b] got reasonable agreement between his experimental results and his

mathematical model, it is worth noting that a number of constants in the model were exper-

irnentally fitted, and also that the model, which correlates heat-transfer coeflicients indirectly with

the vibrational intensity through the thickness of the air gap at the bottom of the bed, irnplicitly

contains the particle circulation velocity which is a function of the vibrational intensity.

The formation of air gaps around flat horizontal heat-transfer surfaces have been assumed to be

responsible for a reduction in the heat transfer from such surfaces [Gutman,l974; Muchowski,l980;

Bukareva et aI.,l969]; but Sapozhnikov et al. [1976] have attributed lower heat transfer coeflicients

measured at the bottom of horizontally placed tubes, to lower particle circulation velocities which

they observed below the tubes. They do not appear to have noticed the formation of any air gaps

around horizontal cylindrical surfaces, although more recent studies [Malhotra and Mujumdar, 1985]

show that such air gaps do appear to surround tubes placed horizontally within the bed.
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2.2 Objectives of This Study

The review of the literature on past studies outlined in preceding sections of this chapter show that

many vibrated-bed phenomena are currently inadequately explained. There are many ambiguities

in the data of some studies; the observations and conclusions of different investigators are often in

conflict. To remedy this situation and pemiit a better understanding of the dynamics of the vibrated

bed as well as heat-transfer mechanisms, the objectives outlined below are undertakcn in this study.

2.2.1 Development of Equipment to Yield Unambiguous Results

The specifications on the equipment and instrumentation designed to meet this requirement in-

clude:

1. Construction of a Vibration system that will easily allow examiriation of the bed at different

frequencies and over a practical range of vibrational intensities. This suggests the use of an

electromagnetic vibrator.

2. Design of the vibrating system so that distortions in the displacement waveforrn that occur

during the bed·vessel collision (for example as observed by Gray and Rhodes [1972]) are

avoided.

3. Design of an electronic circuit that would be capable of producing a trigger pulse that could

be correlated with the phase of the vessel displacement. This would permit easy and accurate

phase correlation of the output signals of transducers used to measure various properties of the

vibrated bed. The design of the circuit would also allow for the trigger pulse to be output at

The Scope of This Study 48



any phase angle, so that the bed could be observed at any given phase angle, as will be ex-

plained further in the next chapter.

4. Eliminate all sources of phase-lag and amplitude-modulation errors in the systems used to

measure various properties of the bed. This is particularly true of pressure transducers in view

of the controversy surrounding the average pressures below the bed. If the phase lags cannot

be eliminated by design—for instance, if they are inherent in the design of the transducers—then,

they must be measured accurately at the frequency of vibration, so that they can be computa-

tionally eliminated during data acquisition.

5. Design of a heat·transfer probe that is representative of surfaces that may be used in commer-

cial applications. This suggests a horizontally placed cylindrical surface, since tubes are most

commonly used in practical heat exchangers. The probe should be designed so that the heating

element does not produce any end eifects, and the manner in which thermocouples are placed

in the probe must not interfere with heat lluxes. The supports that hold the probe within the

bed should not interfere with particle circulation pattems at the ends of the probe.

The equipment and instrumentation designed for use in this study to the specifications listed above

are described in Chapter 3.

2.2.2 Study of Vibrated—Bed Dynamics

The dynamics of the vibrated bed must be carefully observed and possible mechanisms forrnulated

to explain the observations. This covers the following:

1. Examination of bed behavior under varying conditions, as a function of the phase angle. This

will show how the bed dynamics change through a vibrational cycle, that is, on a micro-time

scale.
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2. Examine the behavior of shallow and ultra-shallow beds as a function of particle properties,

bed depth, pressure of the gas in the vibrating vessel. Such a study will i.r1dicate if different

"states" of the vibrated bed exist, and if they do, whether they can be correlated to

dimensionless groups of the factors influencing bed behavior. The dependence of the critical

value of the vibrational intensity pa.ra.rneter (K„), at which there is a trausition from the packed

bed state to a state of vibrofluidization, on various parameters needs to be deterrnined.

3. Measurement of the cyclic pressure variations below the bed at various locations along the

width of the bed, to determine if there are horizontal gradients in the pressure field within the

bed. This information could be used to explain the particle circulation pattems and bed

bunkering.

4. As described previously, bed bunkering might affect the heat- and mass-transfer characteristics

of the bed in many ways. lt is therefore necessary to determine the combination of factors that

might cause bed bunkering, and be able to predict the nature of the bunkering in light of the

measurements of cyclic pressure variations in the bed.

5. Obtain particle circulation pattems in the bed under different conditions. Suggest possible

mechanisms that cause particle circulation and by identifying factors that influence the circu-

lation. This hopefully, will allow particle circulation pattems to be predicted in other

vibrated·bed geometries. A

6. Deterrnine if there are any limits on the applicability of the plastic body analog as far as

shallow and ultra-shallow vibrated beds are concerned.

Experimental procedures to study the dynarnics of the bed are outlined in Chapter 4. Observations

of the bed dynarnics and suggested mechanisms, as well as mathematical formulations of the

mechanisms are given in Chapter 5. Recommendations for further experimental work and theore-
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tical analysis to extend the understanding of vibrated-bed dynamics beyond this study are given in

Chapter 7.

2.2.3 Heat Transfer from Heated Tubes to Shallow Vibrated Beds

A study of the heat transfer from horizontally placed cylindrical heat-transfer surfaces to shallow

vibrated beds must include the following:

l. Repeatable measurements of heat-transfer coefficients from the immersed tubular surface to

beds of different particle types and sizes as a function of vibrational parameters.

2. Examine the size and coverage of the heat-transfer surface by air gaps; and also if these prop-

erties of the air gaps vary with phase angle during a vibrational cycle.

3. Determine the possible effects of particle circulation on heat transfer. To do this, the overall

particle circulation must be mapped as described in the previous section, but also the variation

of particle circulation in the locality of the heat-transfer surface must be examined. The oc-

currences of any 'dead zones" of particle circulation in the vicinity of the heat-transfer surface

must be mapped since they are detrimental to heat transfer.

4. Observe the contact time of paxticles at the heat-transfer surface, and how particles mix into

the rest of the bed after contacting the heating surface. This will identify the paths of heat

transfer from the surface into the bed.

Details of the experimental procedures used to measure the surface-to-bed heat transfer coefficients

and also to determine the effects on heat transfer of the factors outlined above, are given in Chapter

4. A discussion of the manner lll which the factors given above affect heat transfer is given in
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Chapter 6. Work that would further enhance the understanding of vibrated·bed heat-transfer is

suggested in chapter 7.
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3.0 Equipment and Instrumentation

The equipment used in this study may be divided ir1to three broad categories:

(i) Vibration Equipment: The equipment used to create the mechanical vibrations applied to the

bed, as well as the mechanical structure used to support the bed and containing vessels.

(ii) Vibrated-Bed Containers: The solids to be vibrated are placed into these containers, which are

then mounted onto the vibrating assembly and subjected to mechanical vibrations in order to

levitate the particles.

(iii) Instrumentation: Several instruments of varying types are used to extract information about

the nature of the bed, its behavior during a cycle of vibration, as well as to measure physical

quantities such as the pressure drop across the bed and heat·transfer coefiicients for various surfaces

irnmersed within the vibrated bed, among others.
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3.1 The Vibration System

The vibration system consists of the equipment used to generate mechanical vibrations, and the

support structure for the vibrated bed and container. The support structure is designed to guarantee

that the motion of the containing vessel is absolutely vertical, and to allow for the system to be

adjusted so that it will be close to resonarnce at the forcirng frequency.

The waveform is electronically generated on a WAVETEK function generator, capable of generat-

ing frequencies up to 4 MHZ. The signal is then ampliiied by a CROWN DC-300 series power

amplifier. The ampliiier is capable of generating 300 Watts of output power; although full power

was never used in practice during this study. The ampliiied signal is used to drive a Vibration Test

Systems VG—l00 electromagietic vibrator which provides the mechanical vibrations required to

create the vibrated bed.

As indicated in Figure 10 on page 55, the vessel containing the vibrated bed is mounted on a cir-

cular titanium plate which in tum is suspended by up to eight leaf springs. The leaf springs are at-

tached at one end by quarter-inch bolts to specially designed L—shaped mounting bracket assemblies

onto the massive outer steel cylinder surroundirng the electromagnetic vibrator. As shown in

Figure ll on page 56, the L-shaped mounting brackets allow both radial and circurnferential

movements of the leaf springs. This permits precise a.lig1ment of the leaf springs relative to the steel

cylinder. This allows for the titanium plate to be correctly centered within the cylinder, and also

for the leaf springs to be angled normal to the circumference of the titanium plate. The other end

of the leaf springs are attached by quarter-inch bolts to the titanium plate. Fine adjustments can

be made to the tension of a leaf spring by slightly varying the torque on the No.8 screw at the end

of the spring which is attached to the titanium plate (Figure 10 on page 55). After the springs and

the plate are aligned, a symmetric arrangement of the springs around the titarnium plate ensures that

its motion is restricted to the vertical direction because of the evenly and symmetrically distributed
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Flgure 11. Leaf-spring mounting bracket assembly: The L-shaped mounting bracket assembly
allows precise alignment of the leaf-spring in all directions.
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spring constant, and the high stiffness of the leaf springs in the horizontal direction. In addition, if

the springs are not skewed (that is, they are set normal to the circumference of the titanium plate),

a tuming moment on the plate is avoided during vibration.

The first design for the system used linear bearings in an attempt to restrict the vibrations to the

vertical direction. The bearings were placed on the circurnference of the titanium plate, and rode

on vertical shafts attached to the inner steel cylinder However, the bearings were susceptible to

mechanical wear at a high rate due to the vibration, and would soon start to "chatter" introducing

minor secondary vibrations into the system. It was also found that the centering of the titanium

plate and the precise aligrunent of the leaf springs were more important in reducing non·vertica1

vibrations in the system, and therefore the bearings were removed.

The titanium plate is mechanically coupled to the vibrator, but the weights of the plate and bed are

not supported by the vibrator since the plate is suspended by the leaf springs. lnitially, a stiff coupler

was used, but this required precise alignment of the vibrator and the titanium plate because the

motion of the plate must be restricted to the vertical direction. However, such accurate alignment

is impossible mainly because the vibrator is extremely unwieldy. A lack of alignment induces a

lateral stress onto the vibrator coils and will eventually result in their damage. To prevent this, a

flexible coupler made of a piece of thin steel rod, 60 mm in length and 1.54 mm in diameter, is

now used. This permits sufficient flexibility that the center of the titanium plate could be up to a

quarter inch off the center of the vibrator without any detrimental effects to the vibrator coils.

However, it is stiff enough in the vertical direction, that the vertical motion of the vibrator is effi-

ciently transmitted to the vibrating table.

If the resonance frequency ofa vibrating system is close to that of the forcing frequency, the amount

of power required to drive the system is greatly reduced. In addition, effects of secondary vibrations

(or mechanical "noise’) of another frequency are reduced if the system is at resonance. Since the

vibrating assembly is a spring-mass system, its resonance frequency is fixed by the mass of the as-

sembly (titanium plate, bed, etc.) and the combined spring constant of the leaf springs. The mass
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of the system can be increased by adding weights to the vibrating assembly in the form of heavy

circular steel plates that are attached onto the top of the titanium plate as shown in Figure l0 on

page 55. The added mass must have a symmetric weight distribution about the center of the

titanium plate in order to prevent a tuming moment on the vibrating system in the vertical plane.

The stiffness of the system (the combined spring constant) may be adjusted by using leaf springs

of a different stiffness, or by varying the number of springs as long as the symmetry of the system

is maintained. 'Ihus, eight, six, or four springs could be used. Since much of this study is done

primarily at 25 Hz, the system is always maintained at this resonance frequency.

lf the mass of the vibrated bed is significant compared to that of the vibrating table, the cyclic col-

lision of the bed and vessel will cause a distortion of the displacement waveform of the table. To

prevent this, the initial mass that is added onto the titanium plate is as large as necessary to elimi-

nate any waveform distortion for a particular bed ~ usually several times the total weight of the

particles in the bed. Using that mass as a starting point, either more mass is added to the system,

or the stiffness of the springs and the number of springs used are varied to achieve resonance at

25 Hz.

The entire vibrating system is fixed onto a heavy rectangular steel plate. There are four leveling

screws located at the comers of the plate, which are used to keep the vibrating system level. The

steel plate in turn rests on a massive concrete block (0.91 m x 0.91 m x 1.22 m) placed on a

wooden skid. The concrete block acts as an infinite mass to absorb vibrations from the vibrator that

propagate downward, and the wooden skid further dampens this vibration, so that vibrations are

not transmitted to the building.

In order to keep the coils of the vibrator cool, at least 35 cfm of cooling air must be drawn down

through the vibrator casing across the coils. This air is drawn through by a venturi-type device at-

tached to the end of the vacuum cooling line shown in Figure 10 on page 55. To prevent small

particles from being drawn into the vibrator, all openings to the vibrator are covered with felt.
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3.2 Vibrated Bed Containers.

A number of different bed containers have been used in this study, but essentially two geometries

are employed — a three dimensional cylindrical geometry, and a "two-dimensional" rectangular ge-

ometry in which the depth of the bed is very small compared to other dimensions.

3.2.1 The Cylindrical Vessel

The three·dimensional bed container is shown schematically in Figure 12 on page 60, together with

some of the auxiliary instrumentation for measuring heat·transfer coefficients for which it is pri-

marily used. The vessel is made of a 170-mm open plexiglas cylinder attached onto a thin steel base.

The base is raised within the inner circumference of the cylinder, so that it provides an elevated

floor, and it has a lip that extends beyond the outer circumference of the cylinder by 13 mm. The

lip has eight equally spaced holes drilled on it to attach the vessel to the vibrating table assembly

as indicated in Figure 10 on page 55.

A quarter-inch thick plexiglas lid with several large holes in it is placed over the top of the cylin-

drical bed. Thermocouples for measuring the bed temperature are hung down from this roof at

various locations into the bed. The thermocouples are strengthcned, so that they do not move

around due to the vibrations and the particle motion in the bed, by sheathing them with small—

diameter thin-walled aluminum tubes that are attached to the plexiglas lid. The sheaths do not ex-

tend into the bed since, they would sink heat from the bed in the locality of the thexmocouple and

thus give false (lowered) bed-temperature readings.

As indicated in Figure 12 on page 60, the heater tube and supports extend through the diameter

of the vessel, with the center of the heat-transfer tube being 20 mm above the floor of the vessel.
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Figure 12. The cyllndrlcal vibrated-bed vessel: A top view of the cylindrical vessel showing the
heater tube and supports. The approximate locations of thermocouples in the bed are
shown as black circles: Thermocouples 2 through 5 are level with the center line of the
heat-transfer tube; thermocouples 1 and 6 are in line with the upper and lower edges
of the tube respectively.
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The tube is supported at either end by L-shaped aluminum supports which are attached to the lip

of the steel floor of the cylindrical vessel.

3.2.2 Tw0·Dimensi0nal Vessels

Three types of two·dimensional vessels are used for the following purposes:

•
General observation of the bed behavior as a function of various parameters.

•
Measurement of the floor pressures below the vibrated bed.

•
Observation of solid circulation patterns.

• Observation of the bed under lowered pressures and in different gas atmospheres.

All the vessels have the same basic dimensions shown in Figure 13 on page 62. As the depth of the

vessel (25.4 mm) is small compared to its other dimensions, the two~dimensional vessel is intended

to represent a 'slice' across a three-dimensional bed. Reducing the bed depth further would make

the bed even more "two-dimensional', but there is a danger that wall effects caused by the large

front and back walls could induce unrepresentative bed behavior. The depth used is chosen as a

compromise between these two conflicting requirements. However, as will be shown later, the

presence of any containing walls around large-particle beds causes a wall-effect on the circulation

patterns that extends a few particle diarneters into the bed. Therefore, true two-dirnensional bed

behavior cannot be attained in such beds - at least as far as the solid circulation is concemed.

As shown in Figure 13 on page 62, a durnrny heat-transfer tube could be placed across the bed by

attaching it to the front and back walls. This dummy tube simulates the effect of the actual heat-

transfer tube on bed behavior in the three-dimensional beds. Experiments are performed in all three

types of two-dimensional beds both with and without the dummy tube in place.
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3.2.2.1 Vesselfor Floor Pressure Measuremeuts

This vessel shown schematically in Figure 13 on page 62, has quarter·inch plexiglas walls on the

front and back to permit general observation of the bed. The side walls and bottom are aluminum,

and the top is open. There are three ports for measuring pressures beneath the bed, located on the

floor at the points marked with a "+ ' in the drawing. The three ports allow the floor pressures to

be sampled at a location close to the wall (position W), at the center of the vessel (position C), and

half-way between the wall a.r1d the center (position H).

The ports are made by drilling small holes 0.8 mm in diameter through the base of the vessel which

is 12.5 mm thick. However, the lower 9.3 mm of the hole are enlarged to a diarneter of 5 mm to

accommodate the sampling ports of the pressure transducers used. Therefore, the actual pressure

sampling points are located 3.2 mm below the floor of the vessel. Previous work [Gutman,l974]

has indicated that the volume of gas in the sampling port must be kept to an absolute minimum,

since the presence of a large volume will introduce a capacitance into the measurement that is suf-

ficient to produce an error in the sampling of floor pressures which are varying cyclically with fre-

quencies of 20 Hz or greater.

The top 3.2 mm of the ports are stuffed with loosely packed steel wool to prevent particles form

falling into the pressure transducers. It is found that covering the top of the port with a mesh fine

enough to keep out the smallest particles used (20 um in diarneter), would introduce a resistance

into the measurement capable of causing a few degrees of phase lag in the output. The steel wool,

on the other hand, keeps the particles out because of the tortuosity of the passages within it, but

is open enough not to cause any phase-lag errors. Details of the transducers used for pressure

measurements and techniques used to determine the presence of any phase lags are discussed later

in Section 3.3.2.
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3.2.2.2 Vesselfor Circulation and Ultra·S/tallow Bed Studies

The plexiglas vessel described above is sufticient for the examination of most particle beds. How-

ever, for ultra-shallow beds with a depth of up to 500 microns, and for light particles such as fluid

cracking catalyst (FCC), the static induced on the wall by the rubbing of the bed material with the

wall, causes particles to stick to the wall, greatly reducing the visibility of the bed. To overcome

this problem, another vessel with plate glass is used. This is found to reduce the static problem to

negligible levels, thus perrnitting the observation of bed behavior as a function of bed height, even

for heights as small as a mono-layer of particles.

The vessel consists of a four·sided rectangular shell made of half~inch thick aluminum that provides

the base, the two narrow side walls, and a roof with a large opening (12.7 mm wide and 152 mm

long) cut through it to permit access to the bed. The front and back of the shell are open, and an

O-ring is located in a groove running along the width and height of the bed on both the front and

back of the shell (see Figure 14 on page 65). The front and back walls are inserted into frames that

are screwed down onto the shell, thus pressing the walls flush against the shell.

This vessel also allows a technique (described ir1 detail in the next chapter) for mapping bed circu-

lation and inactive zones in the bed using fluorescent tracers illurninated by ultra-violet light. The

quarter~inch plexiglas walls absorb so much of the UV light that practically none of it reached the

bed to illuminate the tracers; but with this vessel, quartz—glass walls which are essentially transparent

to UV light may be used instead.

3.2.2.3 The Vacuum Bed Container

The 'vacuu.m' container is essentially of the same design as the glass-walled vessel described above,

except that the top of the aluminum shell is closed other than for a pipe litting that allows a vacuum

hose to be connected to the vessel to evacuate the air within it. The O-ring seals are also designed
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to a greater tolerance ar1d smeared with high-vacuum grease to prevent any leaks of air into the

system. Particles are loaded into the bed by first removing the connecting hose and dropping them

into the vessel through the pipe fitting.

Although this vessel has been described as a vacuum vessel, the hose connected to the vessel passes

into a two-way valve which pemiits air to be drawn out in one position, and readmitted into the

vessel in the other. It is therefore, possible to change gas atmospheres within the vessel by first

evacuating the air from within the vessel, and then reintroducing another gas into the vessel. This

allows examination of the bed at various pressures below atmospheric, as well as under different

gas atmospheres.

3.3 Instrzmzentation

Several instruments are used in this study, both to measure physical quantities such as the pressure

within the bed, bed properties such as heat transfer coefficients, as well as to aid in a detailed ex-

amination of phenomena occurring within the bed. Most of the physical quantities and observed

phenomena are cyclic in nature and change rapidly within a small time interval. At 25 Hz, a re·

solution of one degree within a cycle corresponds to approximately 0.1 millisecond, so that the in-

struments used are required to have a fast response relative to the frequency of vibration.

3.3.1 Measurement of Vibrational Parameters

The bed acceleration and vertical displacement are measured independently of each other. The

vibrational frequency is set on the waveform generator, but a check on the frequency is made by

measuring the period of either the acceleration or vertical displacement signal on an oscilloscope.
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3.3.1.1 Measurement of Vessel Acceleration

The vessel acceleration is measured by means of an accelerometer. A typical accelerometer consists

of a quartz crystal placed irn-between a base and a mass. When the device is subjected to an accel-

eration, the force applied on the crystal by the mass varies with the acceleration. The quartz crystal

generates a voltage or charge that is proportional to the applied force and thereby to the acceler-

ation. Usually, the output from the crystal is very small and needs to be amplified.

A Scientific Atlanta DYMAC M90 accelerometer is used in this work. This accelerometer has an

irntemal arnplifier, so that a high-level voltage signal can be monitored. This makes the measure-

ment less susceptible to noise than if extemal amplification were used. The accelerometer has a
A

sensitivity of 100 mV/g, and is lirnear in the frequency range of 2 to 5000 Hz.

It is important to note that since the output from the accelerometer results from the force applied

on the quartz crystal by the mass, an impulse force will appear as a large acceleration pulse in the

output. For example, if a few particles are dropped onto a static plate, the accelerometer output

will show large sharp peaks corresponding to the collision between a particle and the plate. There-

fore, the accelerometer’s output signal is almost always noisy because of the constant collisions

between the particles and the vessel durirng vibration. The noise manifests itself as a higher fre-

quency with an arnplitude usually smaller than that of the vibrational frequency superimposed onto

the vibrational waveform (see Figure 15 on page 68). This noise is not the same as the distortion

of the waveform of the vibratirng table that results from a collision between a heavy bed and a

light-weight table as described earlier. In that case, the displacement also deviates from the applied

sirnusoidal waveform, and the output from the accelerometer is far from sinusoidal in forrn.

The accelerometer is mounted directly onto the vibrating table if two-dimensional beds are used,

or onto the lid of the three·dimensional bed. The accelerometer is powered from an 18-volt battery

power supply thus eliminating 60 Hz A.C. power-line noise. The output from the accelerometer
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is norrnally monitored on an oscilloscope, but can also be sampled by an analog-to-digital (A/D)

converter, so that it may be read by a digital computer.

3.3.1.2 Measurement of Vessel Displacement

Two devices are used for measuring the vessel displacement: a linear variable-differential transfor-

mer (LVDT) displacement transducer, and a photoelectric proximity sensor. The LVDT

transducer is a contact device, that is, a part of the transducer moves with the vibrating table relative

to the rest of the transducer which is stationary. The photoelectric sensor, on the other hand, is a

non-contact device that uses a beam of light to measure the distance to the table, rather than using

a mechanical contact.

The LVDT Displacement Transducer

An LVDT transducer consists of a primary coil and two secondary coils symmetrically spaced

above and below the primary coil on a cylindrical form. A free-moving rod·shaped magnetic core

inside the coil assembly provides a path for the magnetic ilux linking the coils. When the primary

coil is energized by an AC source, voltages are induced ir1 both secondary coils. These coils are

connected in such a manner, that the two induced voltages are of opposite polarity. The output

is the dilference between these voltages, and it is zero at the center or null position. As the core is

moved from the null position, the voltage induced in the coil toward which the core moves in-

creases, while the voltage on the coil it is moving away from decreases. This produces a dillerential

output voltage that is directly proportional to the position of the core. The polarity of the output

changes as the core is moved form one side of the null position to the other. The inherent symmetry

of the LVDT construction produces excellent null repeatability (the null point of the measured

displacement is easy to detect), a feature that is required for phase correlation (see later in Section

3.3.3).
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A Trans·Tek Model 0243 DC LVDT is used which utilizes a DC power source, providing the AC

excitation for the primary coil by means of an intemal oscillator. The output of the transducer is

linear up to frequencies of 110 Hz, with a practically infinite resolution. The rod-like core which

threaded at one end, is attached to the vibrating table assembly. The coil assembly is held stationary

by means of an aluminum holder which is attached onto the non~moving inner steel cylinder of the

vibration system. The top end of the core is sheathed in teflon to prevent it from mechanically

damaging the inside of the coil assembly.

The 0pticaI_ Displacement Transducer

Despite the sheathing of the core in teflon and the careful alignment of the core and coil assembly,

long usage of the LVDT will result in mechanical damage because of the repeated high·speed mo-

tion of the core within a tight—fitting coil several times per second. The mechanical wear can be

avoided by using a non·contacting device. Three basic types are available: a capacitance measure-

ment which is non-linear, a Hall-effect probe which would be unsuitable for this study because of

the stray magnetic fields in the vicinity of the vibrator, and an optical system which is chosen.

The optical system used is a Keyence PA~l80lU photoelectric proximity sensor. The sensor unit

focuses a narrow beam of light generated from a light emitting diode (LED), through a lens to make

the beam convergent on a spot 40 mm from the lens. The beam is reflected off a white surface (on

the table) and is focused by another lens assembly onto a photo-detector placed at an angle with

respect to the emitted light beam. The (reflected) spot position on the photo-detector, which will

move with the proximity of the white target, is converted into a corresponding output voltage.

Although the optical transducer has the advantage of being a non-contact device, it is not as accu-

rate as the LVDT. It has a resolution of 10 rnicrons, compared to the inlinite resolution of the

LVDT. lt is also noisier than the LVDT, making accurate phase detection to a resolution less than

d: 2° impossible. However, it is adequate for general observation of the bed, whereas the LVDT is

used when critical measurements are required.

Equipment and Instrumentation
E

70



Unlike the accelerometer which reads zero at rest, both displacement transducers have to be zeroed

to give an output voltage of zero at the null or rest position of the vessel. As will shown later, an

accurate zeroing is required for phase correlation. However, since they directly measure displace-

ment, they do not record noise due to the impact of particles on the vessel floor as is the case with

the accelerometer; and the absence of noise makes them more suitable for phase correlation.

3.3.2 Pressure Transducers for Measurement of Floor Pressures

As described previously, the cyclic separation of the bed and vessel followed by a collision of the

bed with the vessel base later in the cycle results in a variation of pressure throughout the bed. The

pressures below the bed establish a boundary condition at the bottom of the bed, and can be

measured directly without interfering with the bed.

Measurements of the floor pressures are made using the two-dimensional bed described earlier and

shown in Figure 13 on page 62. The transducers used are Honeywell l43PC0lD solid-state dif-

ferential pressure sensors. They have a full range of i l psi., and have a flat frequency response at

frequencies below 1000 Hz. The transducers produce an output voltage signal that varies linearly

with the pressure measured. The transducers measure a differential pressure between two ports. For

these experiments, one port is always vented to the atmosphere, so that a gauge pressure is always

read. The transducers are mounted onto the bottom of the two-dimensional vessel as shown in

Figure 16 on page 72.

A number of tests are performed on the transducers to check that they do not introduce any error

into the floor·pressure measurements. The effect of subjecting the sensing elements, in particular

the minute silicon wafer diaphragm within the transducer to high accelerations, is examined. The

transducers are mounted below an empty bed which is then vibrated with a peak acceleration of

10g. The output of the transducers never deviate from zero, indicating that the sensing elements
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Figure 16. Mountlng ol the pressure transducer beneath the two-dlmenslonal vesselz The pres-
sure transducer is held to the bottom of the vlbrating vessel by two screws as shown
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are not affected by an accelerative force. This is to be expected since sensing elements within the

transducer are mounted at right angles to the sampling port, and therefore are also normal to the

direction of vibration, so that the component of the acceleration acting on the elements is zero.

To check for the presence of any phase errors introduced by the transducers, a piece of stiff nylon

tubing is placed under the lower surface of the vibrating table so that a central section of the tubing

is squeezed under the table when it is in the null position. Two pressure transducers are then at-

tached to either end of the tube. The tube is compressed as the table moved downward, and ex-

pands as it moved upward. Since the pressure in the tube is atmospheric at the null position of the

table, the pressure varies cyclically above and below atmospheric as the table is vibrated. The out-

puts of both transducers are compared on an oscilloscope against the acceleration wavefonn of the

table for frequencies up to 60 Hz. The signals are completely in phase with the acceleration signal,

indicating that the pressure transducers themselves do not introduce any phase errors into meas-

urements of the floor pressure.

To detect any phase-lag errors caused by the construction of the sampling ports in the two-

dimensional vessel, a test is used similar to that described above, except that a cylindrical piece of

metal with a diameter equal to the inner diameter of the nylon tubing and equal in length to the

sampling ports in the vessel is placed into one end of the tube before the pressure transducer is in-

serted into that end of the tube - see Figure 17 on page 74. The cylindrical piece has a hole

0.8 mm in diameter drilled through it which is loosely stuffed with steel wool, so that it exactly

simulates the sampling ports on the two-dimensional vessel. The other pressure transducer is in-

serted directly into the other end of the nylon tubing with no blockage in its path. The signals from

both transducers are compared with the displacement waveform on an oscilloscope. No phase lags

or differences in amplitude are observed between the outputs of the pressure transducers, nor are

there any phase lags between the outputs of either transducer and the displacement signal. This

indicates that no errors are introduced at 25 Hz due to the sampling ports. However, if the steel

wool is replaced by a single 20·micron mesh, a small but noticeable phase lag is introduced.
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Calibration of the Pressure Transducers

The pressure transducers are calibrated against a light-oil manometer in their full operating range.

The output voltage is recorded as a function of the gauge pressure. The fit of the data to first-,

second-, and third order polynomial, and logarithmic equations is tested using a least squares

technique. lt is found that the linear fit describes the data best - that is, it gives the correlation co-

efficients closest to one. The linear fits obtained for the three transducers located at positions W,

C, and H (see Figure 13 on page 62) and corresponding correlation coefficients are given in ap-

pendix A. ·
The calibration of the pressure transducers vary with temperature since the output voltage of the

piezoresistive sensing elements within them are temperature dependent. Both the sensitivity (unit

change ir1 output voltage per unit change in pressure) and the null point (output voltage at zero

pressure) vary with temperature, and must be compensated for, since the temperature within the

laboratory is not constant. Additional circuitry within the transducer compensates for some of this

error, reducing the final combined error due to null point and sensitivity shifts, to approximately

i 1% of maximum full scale output (FSO). This error in calibration can be further reduced ex-

temally by computational compensation techniques to less than zh 0.1% FSO. lt is experimentally

determined that the null shift is far greater than the shift in sensitivity, which is essentially constant

within the range of room temperatures experienced in the laboratory. This is probably because the

shift in sensitivity with temperature is predictable, unlike the null shift which varies from one

transducer to another; therefore the shift in sensitivity is easier to correct intemally within the

transducer.

Figure 18 on page 76 shows the shift in the null point with temperature, assuming no shift in sen-

sitivity. At both the calibration and operating temperature, a straight—line fit is used to describe the

correlation as shown. The equation of the fit between the measured pressure P,„ and the output

voltage V, may be written as:
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P,„=A V,+ß [3.1]

where A is the inverse of sensitivity, ar1d B is the pressure that produces an output of zero volts.

The voltage output at zero pressure that is predicted by the straight line fit is different from the

actual voltage output at zero pressure. Suppose that as shown in Figure 18 on page 76, the meas-

ured output voltage at zero pressure at the calibration temperature is V„,_, , and that the output

voltage at zero pressure predicted by the linear fit is IQ,. Then if the actual output voltage at zero

pressure is measured at the operating temperature to be V,„_,, , the output voltage at zero pressure

predicted by a linear fit at the operating temperature (assuming no change ir1 sensitivity with tem-

perature) is given by

VI,0 = Vm,o + (IGJ
_

Vm,c)Sincethe pressure that will give an output voltage of zero at the operating temperature is

n
Boper =

'“ A Vl,o .

the equation of the fit at the operating temperature is given by

P„, = A (V, [3.3]

where IQ, is obtained from equation [3.2].

3.3.3 Phase-Delayed Triggering.

Typical vibrated-bed characteristics such as the bed expansion ratio, solid circulation rate and

surface-to-bed heat·transfer coefficients are time averaged quantities, since they are commonly

measured over a period of time that is long compared to the period of vibration. However, due to

the cyclic nature of the vibration process, such quantities are influenced by phase-dependent phe-
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nomena that occur within each cycle of vibration. For example, the pressure beneath the bed varies

cyclically as the bed first lifts off the vessel base and later lands back on it. Thus, an objective of this

study is to develop a method to permit viewing, photographing and measuring of phase-dependent

phenomena in the vibrated bed.

In the past, observations of such phase-dependent phenomena have been made through the use of

high-speed cinematography [Kroll,l954; Gutman,l974]. However, this method suffers from several

disadvantages. It has poor resolution, is expensive and tedious, and it is difficult to analyze several

hundred frames of the film even with the aid of a computer. It is not easy to synchronize the fre-

quencies of the high·speed movie camera and the mechanical vibrations irnposed on the bed, thus

requiring the use of timing lights with the camera. In addition, such analysis gives information on

only a few vibrational cycles, and so it is impossible for the investigator to choose a particular range

of phase angles of interest and carry out a detailed investigation within them.

Non·visual phase-dependent information, such as the bed voidage or the pressures at the bottom

of the bed, are obtained by the use of the appropriate sensors or transducers. Although the

transducers give the variation of the measured quantity through a cycle, they do not yield any in-

formation to correlate the output with the phase of the applied vibrations. Previously, investigators

[Kroll,l954; Gutman,l974; Gray and Rhodes,l972| have phase·matched the output of the

transducers with the vessel displacement by displaying both simultaneously on a dual-trace

oscilloscope. Quantitative information is then obtained from the oscilloscope display when the

signals are matched; but this is not an accurate method, since the resolutions of most oscilloscopes

are poor.

An alternative method used in this study utilizes an electronic circuit that detects the positive

zero-crossover point of the vessel displacement in each cycle of vibration. This point corresponds

to the instant in the cyclic motion of the table at which it moves upward past its rest or null posi-

tion, and represents a phase angle of zero degrees. The circuit may be configured to issue a trigger

pulse that is delayed by a previously specified number of degrees past the zero—crossover point. By
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using this electronic pulse that has a given phase lag with respect to the zero-crossover position of

the sinusoidal motion of the vessel to continuously trigger a strobe light every cycle, it is possible

to observe any visual phenomenon within the bed at that particular phase angle. lf the phenomenon

being observed has reached a steady state, and varies cyclically with the same period as the applied

vibration, it will appear ”frozen” at the observed phase angle provided that the triggered strobe light

is the only source of illumination.

Phase-delayed triggers capable of resolving down to l0" of a degree have been devised for use with

turbomachinery [Powell er aI.,l984], but such systems are very expensive requiring the use of a

digital computer; whereas triggers for vibrated beds do not require more than one degree of phase

resolution. A related circuit for use at low frequencies (below S Hz) as a shaft encoder has been

proposed for obtaining angular positional information on anterma [Franke et al.,l985], but the

frequency range required for the vibrated bed is both higher and wider.

Rippie et al. [1978], when measuring the bed porosity, used an electronic gate trigger with the

capacitance circuit they used to measure the porosity. The gate trigger was capable of issuing a pulse

that corresponded to the zero·degree phase-angle position of the vessel displacement. This trigger

was used to initiate the acquisition of bed porosity data, thus matching the phases of the bed-

porosity and vessel-displacement waveforms. However, this trigger uses a reference point on the

flywheel of the mechanical shaker to obtain the zero·degree position. The flywheel was calibrated

so that positioning the reference point at different locations around the flywheel would give a trigger

pulse at different phase angles. Therefore, this trigger arrangement can only be used with a me-

chanical vibrator which uses a cam driver.

Details of the electronic phase-delayed trigger circuit developed for this study have been reported

elsewhere [Thomas et aI.,l987]. However, since the input signal conditioning and the zero-

crossover detection of the circuit have been improved, details of the new circuit are summarized in

appendix B. The phase-delayed pulse may also be used to trigger or initiate a data·acquisition

procedure which samples the output of a transducer used to measure a phase—dependent property
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of the vibrated bed such as the floor pressures. The collected phase—dependent data can then be

referenced to the zero-degree phase angle of the vibratory motion, thus permitting the cyclic data

to be easily phase-matched with the periodic displacement of the vibrated bed.

The circuit uses the output signal of either displacement transducer to detect the zero-crossover

point, and issues a trigger pulse that is delayed by the number of degrees programmed into it. A

typical set-up using the phase-delayed triggering circuit to perrnit the back~lit phase·delayed pho-

tography of the bed is shown in Figure 19 on page 8l. Since the phase delay of the triggering is

referenced to the zero-crossover point, it is important that the displacement transducers be capable

of being accurately set at the null position when the vibrating table is at rest, and also have excellent

null point repeatability. Both displacement transducers used here easily meet these cxiteria.

Measurement of inherent System Phase-Lags

There are a number of sources of inherent phase lags in the system, the main source being the dis-

placement transducer, but smaller lags are present in the strobe light or electronic flash. The phase

lag of the triggered lighting unit is determined by comparing the trigger pulse sent to the unit with

the response of the unit as picked up by a photo diode. For the strobe light used (General Radio

Strobotac 1531-A), the delay is approximately 0.2 milliseconds or about 2 of degrees lag at 25 Hz,

and the delay in the electronic flash (Vivitar Model 285) is approximately 0.1 milliseconds or about

1 degree of lag at 25 Hz. The lag in the phase-delayed trigger circuit is measured by comparing an

input signal with the output trigger pulse, and is found to be less than 5 microseconds, or 0.05 de-

grees at 25 Hz.

Once the phase lags in the strobe light and trigger circuitry are known, the phase lag in the dis-

placement transducers can be measured for a given frequency - say, 25 Hz. A knife-edge mounted

on a stationary part of the vibration system (for example, on the inner steel cylinder - Figure 10

on page 55) is aligned with a mark on the vibrating table, when the system is at rest. The system

is vibrated at 25 Hz and illuminated solely by a triggered strobe lamp with an inherent phase lag
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of 2° at 25 Hz. lf the lag in the displacement transducer were zero, the mark on the table would

appear to be aligned with the stationary knife-edge when the lamp is triggered with a phase delay

of 358° or 178°, since the mark and knife·edge should be aligned at the O° and l80° positions in the

cycle. However, if the lag in the transducer is non-zero, the phase delay set in the triggering circuit

must be changed until the mark is seen (with the aid of a close-up lens) to align with the knife-edge.

The difference between the theoretical trigger phase-delay for alignment and the actual trigger

phase·de1ay, gives the phase lag inherent to the transducer. At 25 Hz, the phase lag in the LVDT

and photoelectric displacement transducers is 18 degrees. As indicated by equations [1.1] and [1.3],

the vessel acceleration is l80° out of phase with its displacement. Therefore, the phase lag of the

accelerometer can be measured by the same technique used for the displacement transducers, if the

inverted output of the accelerometer is used in place of the displacement signal. Using this method,

the inherent phase lag of the accelerometer is found to be less than one degree at 25 Hz. The output

of the accelerometer can therefore be used as a standard against which the phase lags inherent in

other transducers at 25 Hz may be calibrated. _

The actual phase-delay of the trigger signal is the sum of the angle set into the triggering circuit and

any phase-lags inherent in the system, therefore some compensation must be made for the inherent

system phase lags when setting the desired phase angle for triggering into the circuit. For example,

suppose it is desired to trigger the strobe lamp at a phase angle of 90° at a vibrational frequency

of 25 Hz. If the LVDT displacement transducer is being used to obtain the displacement waveform,

the total phase lag inherent in the system, obtained by sumrning the individual inherent phase lags

given above, is 20° Therefore, an angle of 70° must be set in the phase-delayed trigger circuit to

obtain the trigger at the desired angle of 90°.
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3.3.4 A Cylindrical Probe for Heat-Transfer Measurements

If local surface-to·bed heat transfer coefficients vary with position around an irnmersed heating

surface, a probe for measuring the heat-transfer coefiicients that maintains a constant surface tem-

perature is preferable to one which maintains a constant heat flux over the surface. A constant-ilux

probe will have surface temperatures that vary with the local heat-transfer coeflicient. This will in-

troduce errors into the measurements since particles flowing around the surface could transfer heat

from a region of the surface at a higher temperature to one at a lower temperature.

A theoretical analysis of the heat conduction process within the probe given in appendix C, is used

as the basis for the design ofa cylindrical heat-transfer probe that would maintain a constant surface

temperature even if the local heat transfer coefficients varied considerably with angular position.

The analysis shows that the factors having a major influence on the surface temperature distribution

are the thermal conductivity and the thickness of the metal surrounding the heating coil. Copper

is chosen as the primary material of construction due to its high thermal conductivity.

The design of the probe is shown in Figure 20 on page 84. The heating element consists of a

nichrome wire that is 0.508-mm thick, wound onto an electrically insulated thin-walled aluminum

tube. The wire is bonded onto the aluminum by frlling the spaces between the coils with a high-

temperature high~conductivity ceramic cement. A coiled-wire heating element is used in preference

to a commercially available cartridge heater, since cartridge heaters often have a ’dead zone' on ei·

ther side of the heating element where the heating element is connected to the power supply leads.

The presence of these dead zones causes severe distortions in the temperature distribution at the

ends of the probe. The heating element is inserted into an outer copper annular cylinder with a

wall thickness of 3.27 mm and an outer diameter of l2.7 mm. Note that the mathematical analysis

in appendix C indicates that a thickness of 3 mm or greater will give surface temperature variations

of less than 1°C. The space between the outer surface of the heating element and the inside of the

Equipment and Instrumentation 83



«~ pa
‘°

I Q:.'¤ ¤ aa
$ I I :L•—•

•··• I I2 I I
Q- ä w:

Ä

L•_;Q

u ä I I- .2cu
S ¢¤ 'I !=¤ 992‘_

'I ~-
C'ö¤...Q, g

-
:-0 0.;:2

.: ,_„ ,I I" >< :·•-InAJ ,•_
l ~. ¤ • 0

N
-

0:1. •-ov•— .I I" E
°’ $95

¤I I. "; N cföc
ll I: *¤-ä E720'I I,. ns ¢¤ _g:'¤‘I L : I.: ·-<¤2
'I I --0 Q., USM
, ·'

~•— ¤ ¤,:,o
ä.Qi

SE Q2 T5 “‘“ $$2
¤ Q¤¤-¤g•g —_

'
• 2·:·¤

Q -—SZ Q _: ¤ @88
Q * '•'* QLE.¤

- ' * ä 3*

ZT-! E ofg¤—. ~•—46
*-4),,,

g
3u·—·——, zu m0¤$*.3

I ESC)

ä Z , ——S ‘
gg gg;

-r-••—•
.: I C-3.2 WMS

> 46 G Qä' ¤¤ „ .:0.5-0:: cu ___„
.:

S
"‘

*5 ··-• °°"'*:2 Q .:5;
ä -

9 “*-oä E E3.:Q'.: „—• g'! M ww
,

¤.2-•-• ~•- ___, •'*•
QM¤¤

"*‘
00:2,., -•-• :2 E;E.E

cn ao?
-5 ·E"'E0

Gl
-•-0

¤-2 ‘¤'¤.¤eu
°_°

‘g32,**‘°6 6 äh. ~=2a
46 gg

E
¢.l•—• E$c°

S E E °¤°'-==HQSQSQI ;_
Q

I¢
¤ .75 l
•=

[ | g .
S °I . 0vw I WI ¤··=.2..II.. I " äI=· «¤ ¤I‘§I ¤=

I° I "I
I I
I ,,•\\ I

I N\ ,0

Equipment and lnstrumentation 84



copper cylinder is filled with a high thermally-conductive, but electrically-insulating epoxy, that

bonds the heating element into place within the outer tube, and also ensures good thermal contact.

To obtain an accurate heat transfer coefficient, the surface temperature of the probe must be accu-

rately measured. Previous designs have placed the thermocouples at the surface by different means.

One method [Chen and Withers,1978] has grooves cut into the surface of the tube. After the

thermocouples are laid into the grooves, they are filled up with a solder or an epoxy. The disad-

vantage of this method is that the grooves running along the surface produce distortions in the heat

flux, since the material filling them has a different thermal conductivity from the rest of the probe

surface. Another technique that has been used [Genetti er aI.,l97l] is to directly solder the

thermocouple leads onto the surface of the probe from outside, with their leads imrnersed in the

bed. The thermocouples may therefore act like fins, sinking heat directly into the bed, and may also

alter the particle flow pattems around the probe. Probably the best method of placing the

thermocouples is to run them radially downward within the tube and through the coils as used by

Abu-Baker [1981]. This a.rrangement produces only a minimal distortion of the heat flux.

To allow the thermocouples to pass radially down through the coil, holes are drilled in the 1-mm

spaces between the coils at four points along the length of the coil. Small holes 0.5l mm in diam-

eter are drilled in the outer copper a.nnulus so that they exactly align with the holes in the heating

element when it is inserted into the annulus. After the heating element is fixed inside the copper

annulus, thermocouple wires are passed radially down through these holes in the copper and the

coil, into the hollow center of the heating element. The thermocouple leads then pass axially out

of the tube as shown in Figure 20 on page 84. After the thermocouples are put into place, the

center of the aluminum tube is filled with a high-conductivity epoxy. Copper-constantan (T·type)

thermocouples are used, since they have a large variation of output voltage with measured tem-

perature ir1 the range of interest, and are relatively easy to solder. Teflon-coated thermocouples with

a total thickness of 0.508 mm are used; each wire in the thermocouple pair is 0.0762 mm in di-

ameter. The thermal mass of the wire is so low that virtually no heat is conducted away from the

surface by the thermocouples. The thermocouple junction is formed by mechanically twisting the

Equipment and lnstrumentation 85



wire pair together to form a bead about 90 microns in diameter, and then filling the hole around

the bead with silver solder as shown in the inset in Figure 20 on page 84. This allows a true local

surface temperature to be measured.

Four thermocouple junctions are positioned along the length of the probe at various angular posi-

tions so that when the probe is positioned in the bed, one thermocouple faces upward; one down-

ward; and two horizontally on either side of the probe.

Placement of the Probe Within the Bed.

The probe is placed horizontally across the three-dirnensional cylindrical bed as shown in

Figure l2 on page 60, with its center located 20 mm above the floor of the vessel. The probe is

held by two cylindrical supports of the same diameter as the probe. The supports pass through the

walls of the vessel and are held in place by retaining nuts against L-shaped aluminum supports that

are attached to the outer section of the vessel base (see Figure l2 on page 60). A rubber sealing

ring positioned at the points at which the supports penetrate the vessel walls, preverits particles from

leaking out of the bed. This method of supporting the heat probe is preferable to suspending the

probe in the bed by vertical rods, since vertical rods at the ends of the probe produce disturbances

in the solid circulation at the probe ends by providing a preferential path for air flow into and out

of the bed. Also, the horizontal configuration better sirnulates a tube with a heating fluid, such as

steam, passing through the bed.

The support itself consists of two sections, a 12.7-mm Lexan 'insulating' section and a 50.8-mm

stainless-steel section. One end of the Lexan section is machined to fit over the 6.35 mm

protrusions at each end of the copper probe (Figure 20 on page 84), and the other end is threaded

to fit into the stainless-steel section. The end fitting over the probe protrusions is coated on the

inside with a rubber compound to provide therrnal insulation and a rubber ring is used between the

copper and Lexan sections as additional insulation. A thermocouple is implanted within the Lexan

section right at the end of the copper protrusion to permit an analysis of the heat losses from the
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supports. Both the Lexan and stainless-steel sections have a 6·rnm hole through their centers to

allow the passage of thermocouple and power leads from the copper probe to the outside.

3.3.4.1 A Thermocouple Switching Circuit

A high-accuracy thermocouple amplifier (DORIC Model 400A) is used to indicate temperatures

read by thermocouples on the probe surface, as well as those placed within the bed. The amplifier

contains a linearizing circuit for the T-type thermocouples used so that the error within the arnpli-

fier is less than 0.l°C and the total error in reading the thermocouple is approximately :1: 0.5°C.

There are several thermocouples to be read, and since the cost of the amplifier is high, a switching

circuit is used to allow a single amplifier to read up to sixteen thermocouples. The thermocouples

are connected to an array of sixteen dual-pole five-volt silver reed relays. Closing a particular relay

completes the circuit between the thermocouple junction connected to that relay and the amplifier,

allowing the amplifier to read that thermocouple. Each relay in the array is assigned an address

code, and a de-multiplexer selects a particular relay for each code that it receives.

Dissimilar·metal thermocouple junctions occur within each relay, since the reeds within the relays

are made of silver. There are two copper-silver junctions and two constantan-silver junctions when

the relay is closed. Dissimilar-metal junctions introduce an error into the thermocouple reading

since a voltage is generated at the junction (the Seebeck effect). However, if all dissimilar-metal

junctions in the relay are maintained at an identical temperature, the net error will equal zero.

Differences in the temperatures of each junction in the relay can occur due to local variations in the

ambient temperature, and more importantly, due to the heating effect of the electromagnetic coil

in the relay that closes the switches. To maintain isothermality, the array of relays is sandwiched

between two quarter·inch aluminum plates which act as large therrnal sinks. The lower plate which

is in contact with the connector pins of the relay is coated with an epoxy paint to prevent short-

circuiting the relays. With this arrangement, isothermality can be maintained, for any one closed
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relay, over approximately one minute, after which the heat generated by the internal coil produces

temperature variations in the junctions within the relay, causing errors in the thermocouple reading

of greater than 0.l°C.
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4.0 Experimental

4.1 Range ofExperimental Conditions

U
— The experiments in this study are conducted under a variety of conditions, which include different

paxticles types and sizes, a range of vibrational intensities, and varying bed depths. The ranges over

which these factors are varied are summarized below.

4.1.1 Particle Types and Sizes

The majority of experimental observations are made using three types of particles:

Master Beads: These particles are commercially used in gxinding and as a packing in deep oil and

gas wells. Substantially spherical, the solid is non-dusting in a fluid bed. lt contains mainly alumina

(about 86%), and other constituents, including 2-4% silica, 6-8% iron oxide, and 4-5% titania in

a solid solution. The presence of minor constituents gives the solid a dark, almost black color, in-

stead of the white color that is normally associated with pure alumina. The density of the solid is
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approximately 3600 kg/m3. Its thermal conductivity and specific heat (as quoted by the manufac-

turer) are approximately 36 W/m-K and 765 J/kg~K respectively. However Cheah [1986] reports

a measured specific heat capacity of 670 .l/kg·K for this solid. Master Beads are manufactured by

the Norton-Alcoa company.

Low-density glass beads: These technical-quality beads are made of ordinary soda-lime silicate glass

and are extremely spherical. The beads have a solid density of 2500 kg/m’. The specific heat and

thermal conductivity for this glass are 750 J/kg·K and 1.4 W/m-K respectively [Incropera and

DeWitt,198l] Low-density glass beads are manufactured by Potters’ Industries (P-series glass

beads).

High·density glass beads: High-density glass is a barium-titanate glass that is highly retro-refractive,

and is commonly used as a reflective coating for road signs. Beads of this material used in the study

are of technical quality, and are extremely spherical. The solid density of the beads is 4490 kg/m’.

The specific heat and thermal conductivity for this glass are not readily available. However, the

thermal conductivity for most barium glasses is approximately 1 W/m-K. These glass beads are

also manufactured by Potters’ Industries (H-series glass beads).

Particles of each of the three solid types listed above are sized into seven size ranges. These size

ranges are reported in Table 2 on page 91, in U.S. Standard Mesh numbers, as well as equivalent

sizes in microns. For each size range, a geometric mean cz, is also reported which is calculated from:

2,, =„/(1,,,, dh, [4.1]

Here, dh„ and dh, represent the upper and lower limits, respectively, of the size range in microns.

In addition to these solids, other particle types with more restrictive size ranges are also occasionally

used. These include:
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Table 2. Slze ranges ler Master Beads and glass beads used in this study
‘

U.S.Standard Size Range Geometrie
Mesh Size in microns Mean Size

(microns)

-140 +200 74 — 105 88 _

' -100 +140 105 — 149 125

-70 +100 149 — 210 177

-60 +70 210 — 250 229

-40 +50 297 - 420 353

-30 +40 420 — 595 500

-20 +30 595 — 841 707

Experimental
‘
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l. Spent fluid cracking catalyst (FCC) powder with a size range of: 40-120 pm.

(p, 2 1006 kg/mi).

2. Spherical copper powder with an average particle diameter of 10 pm. (p, = 8930 kg/ml).

3. Fine aluminum powder with a size range of: 40-105 pm. (p, = 2702 kg/ms) .

4. Fine-ground white wheat flour with a size range of: 20-105 pm. (p, 2 700 kg/m’).

5. Fine Teflon micropowder with a size range of 10-25 pm. (p, = 2200 kg/ml) .

4.1.2 Vibrational Conditions

It is clear from equation [1.3} that the frequency, amplitude and acceleration of the vibrating vessel

are inter-related. Therefore, the choice of any one of these vibrational parameters will set Limits on

ranges of the remaining pararneters.

Vibrational Frequency

The choice of vibrational frequency for this study is based on certain practical considerations. Fre-

quencies below 15 Hz are not practical, mainly because the amplitude that would be required to

produce a signilicant vibrational intensity would be large. For example, since the maximum peak-

to-peak amplitude permitted by the electromaguetic vibrator used is 12.7 mm, a limiting value of

2.6 is irnposed on the vibrational intensity parameter K at a frequency of 10 Hz. In addition, at

very low frequencies (less than 10 Hz), the period during which the bed remains in contact with

the vessel base becomes sufficiently long, that the bed retums to the packed state during that part

of the cycle. The degree of bed expansion reduces at frequencies above 40 Hz [Chlenov and

Mikhailov,l972], an observation also noted in initial tests in this study. Because of the lower bed

expansions they produce, higher frequencies are probably less desirable.
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Most commercial mechanical vibrators, that are designed to operate at resonance and are based on

the rotation of electric motors, have an upper frequency limit of 30 to 40 Hz. This limits the range

of frequencies of practical interest to I5 — 35 Hz. A frequency of 25 Hz is chosen for this study

since it is half·way between the limits of practical interest.

Vibrational intensity

In this study, the vibrational intensity parameter K is generally maintained at a value between 1 and

7. In the majority of cases, bed mobility starts at K= 1. However, the rate of particle motion is too

slight to be of practical interest until K= 2. Values of K below 2, are only examined to dctect the

value of K at which bed mobility is first induced.

Increasing the vibrational intensity produces greater stresses on the mechanical components of the

Vibration system. A K-value of 7 is probably the safe upper limit at which the system used in this

study can be operated for a long period of time without the risk of catastrophic mechanical failure._

Some experiments of short duration are conducted at higher values of K.

Using equation [1.4], the equivalent range of vibrational (half·wave) amplitudes at 25 Hz is calcu-

lated to be 0.396 to 2.783 mm for K= 1 to 7. The amplitudes corresponding to values of K greater

than 7 are reported in the appropriate sections.

4.1.3 Bed Depth

Since the expansion of the vibrated bed is dependent upon several factors, including most impor-

tantly the vibrational intensity, bed depths reported in this study are always those of equivalent

(flat-surface) static beds—that is, with K < 1. In the majority of experiments, the static bed depth

is 30 mm. Since major horizontal dimensions of the containing Vessels are between 162 and
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170 mm, the depth-to-width ratio (L/D) is between 0.176 and 0.185. Thus, this vibrated bed can

truly be regarded as "shallow". For some heat·tra.nsfer studies, bed depths of 60 mm are used; and

in some experiments to study the bed dynamics, the bed is only a few particle layers deep. ln such

cases, the bed depth is noted in the relevant section.

4.1.4 Low Pressures

Most of the experiments carried out in this study are at atmospheric pressure. However, some as-

pects of the bed dynamics are also exarnined at low pressures. These include: particle circulation

pattems, degree of bed bunkering, and the formation of air gaps beneath the bed. The dynamics

of the vibrated bed are strongly affected by the viscous drag exerted by the flow of gas through it.

Therefore, to make a significant difference to bed behavior, the pressure of the gas must be such that

the gas viscosity is small. From the result of the simple kinetic theory of gases, the viscosity of the

gas is independent of pressure when the mean-free path of the gas 1,,,, is smaller than the conduit

in which the gas flow is taking place [O’Hanlon,1980]. If the mean-free path becomes much larger

than the size of the conduit, the viscosity of the gas drops off sharply and disappears, and gas flow

takes place by molecular flow, rather than by viscous flow. In the molecular flow regime, flow

properties are determined by gas-wall collisions. As a result, the gas does not exert a drag on the

walls of the conduit. lf the diarneter of the conduit is d, molecular flow takes place if 1,,, >d . The

mean·free path according to kinetic theory is [O’Hanlon,1980]:

im - [4.2]
4 123/Edop

where d, is the molecular diameter and p, the gas density. For air at room temperature, equation

[4.2] can be written for 1,,, in meters as:

-3
lm = ];4_3]

P
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where P is the absolute pressure in pascals. Thus, to eliminate viscous drag effects in the vibrated

bed, the pressure must be reduced to a value at which the mean-free path of the gas is equal to some

characteristic dimension that describes the flow of gas within the bed. The most common choice

of this characteristic dimension is the particle diameter Combining the condition that 1,,, >d,

with equation [4.3] gives the requirement on the pressure to eliminate viscous drag:

6.6 xl)10"3 > dp

The largest particle size used in this study is 707 pm. For this particle size, the pressure must be

lower than 9 pascals for the mean-free path to be just greater than the particle size. In practice, the

vacuum vessel used can be evacuated to an absolute pressure of 8 pascals. This barely meets the

criterion for the elimination of the viscous drag for 707-pm particles, but it easily meets the criterion

for smaller particle sizes, where viscous drag effects are most important at atmospheric pressure.

Allen [1980] suggests that the characteristic dimension for flow properties in a packed bed is the

mean interstitial gap size which is approximately equal to 0.l d, . If this dimension is used, the

pressure of 8 pascals used in the vacuum work in this study meets the requirement for the elimi-

nation of viscous effects for even the largest particle size.

In this study the word "vacuum" will mean a pressure within the bed of 8 pascals. At this pressure,

effects of viscous drag are elirninated. From the point of view of gas-solid interactions within the

bed, operating the bed at 8 pascals does in fact represent a vacuum.
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4.2 Measurement of the Transition to the Vibrofluidized

State

As noted earlier, the transition from the packed state to the mobile (vibrofluidized) state in the vi-

brated bed occurs when K is equal to unity in large-particle beds. Previous investigators

[Hcrber, 1970; Kapustin er al., 1980] have observed that the critical vibrational intensity K„ at which

there is a transition to the vibrofluidized state increases as the particle size is reduced, particularly

below 100 pm.
”

The critical value of the vibrational intensity parameter (Kc,) at which there is a transition to a

mobile bed has been measured for a variety of solids. The solids are chosen to reflect types A, B,

and C according to the Geldart classification [Ge1dart,l973} and include:

• Soda-lime glass beads, barium-titanate glass beads, and Master Beads with particle size ranges

of:

1. 74 - 105 um (geometric mean = 88 pm)

2. 149 - 210 um (geometric mean = 177 pm)

3. 595 - 841 um (geometric mean = 707 um)
• Spent fluid cracking catalyst (FCC)
•

Spherical copper powder
• Fine aluminum powder
•

Fine·ground white wheat flour

Sizes and densities of these particles are given in section 4.1.1. Initially, the bed is packed by tap-

ping the vessel and by vibrating the vessel at high frequencies of about 1000 Hz which produces

additional bed compaction above that possible by mechanical tapping alone. The critical

vibrational intensity parameter is obtained by slowly increasing the vibrational acceleration of the
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vessel from zero, and visually observing the point where the bed just becomes mobile. Once the

bed has been mobilized from this packed state, K„ is measured for the uncompacted bed, both by

increasing the vessel acceleration until vibrofluidization is observed, and by decreasing the acceler-

ation while the bed is in the mobile state until no further signs of bed mobility can be observed.

The critical vibrational intensity parameter for each transition from a static to a vibrofluidized bed

is measured several times. The values are found to be repeatable to within two decimal places of

accuracy between experiments.

4.3 Phase-Delayed Observation and Photography of the

Vibrated Bed

As described in the previous chapter (§3.3.3), it is possible to observe visual bed characteristics that

are varying cyclically with the same period as the applied mechanical vibrations at any given phase

angle with the aid of the electronic phase-delayed trigger circuit, provided that the bed is at steady-

state. lf the phase-delayed output pulse of the circuit is used to externally trigger a strobe light that

provides the sole source of illumination for the vibrated bed, the bed will appear to be frozen at the

phase angle set into the circuit.

The phase-delayed trigger circuit can be configured to produce a continuous stream of output

pulses, one in each cycle of vibration, as would be required for visual observation of the bed with

a strobe light. Altematively, it is possible to issue a single trigger pulse on demand (see the circuit

diagrarn in appendix A). With this configuration, phase-delayed photography of the bed is possible.

A typical arrangement to obtain phase-delayed photographs using a 35-mm camera and an elec-

tronic flash-gun is shown in Figure I9. The flash-synchronization signal from the camera, which

is produced every time the camera shutter is opened, is used to demand an output trigger pulse from
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the phase-delayed trigger circuit. The single phase-delayed output pulse fires an electronic flash·gun.

Since the trigger pulse can be delayed by up to 359°, the camera shutter must remain open at least

as long as the period of vibration. In this study, a shutter speed of % second is used at a vibrational

frequency of 25 Hz. The duration of the flash is approximately 0.1 msec, so that the actual expo-

sure of the film to light is extremely short, giving true ”instantar1eous" photographs of the bed. lf

the photography is done in a darkened envirorunent, this technique is capable of producing phase-

delayed photographs of very high resolution of the vibrated bed, showing extremely fine detail as

will be illustrated in the next chapter.
l

Placing the light source behind the vibrated bed as shown in Figure 19 produces a back-lit image

of the bed. The bed appears as a dark shadow silhouetted against a light background. This will give

information on the formation of air gaps within and below the bed as well as on the overall shape

of the bed.

Placing the strobe directly over the bed and pointing downward provides top·lighting. As will be

shown later, a bed of glass beads illuminated in this manner will refract the light toward the front

and back of the bed provided the bed is in a highly expanded state. Such a bed will then appear very

bright against the dark background. As the porosity of the bed is reduced, less light will be refracted

forward. The bed will appear progressively darker as the porosity is reduced until finally it will be

as dark as the surroundings.

Front-lighting the bed is useful in determining the presence of any large porosity variations within

a bed of opaque material such as Master Beads. Also, since it gives the appearance of eliminating

the vertical sinusoidal motion of the bed, it is useful in examining the movement of colored tracers

at the front face of the bed.
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4.3.1 Observation of Air—Gap Formation Below the Bed

By viewing from the front, a back-lit two-dimensional vibrated bed, air gaps that form below the

bed are clearly observed. When a gap forms below the bed, the rays of light come through the gap,

clearly demarking the bottom surface of the bed. Use of a stroboscopic light source extemally

triggered by a phase-delayed pulse determines the variation of the gaps through the whole cycle of

vibration. If a gap is present for a bed under a certain set of vibrational conditions, the entire cycle

of vibration is scanned by continuously stepping up the phase·delay angle of the output pulse from
O

the phase-delayed trigger circuit at a frequency (2 Hz) far lower than the frequency of vibration.

This gives a visual indication of how the gap vaxies through the cycle. The instants at which the

bed lifts off the vessel floor and later collides with it are determined by noting the phase angles at

which the light can first be seen beneath the bed, and when it finally disappears.

Phase-delayed photographs of the gap are used to determine the manner in which the gaps form

and collapse for different beds under varying vibrational conditions.
I

Beds with average particle sizes of 707 um (a large particle size), 177 pm (a medium particle size),

and 88 um (a small particle size), of Master Beads,and high- and low-density glass beads are ex-

amined. K is varied between 1 and 7 for all beds. Visual observations of the gaps below the bed

are also made under varying degrees of vacuum.

4.3.2 Observation of Air Gaps Surrounding Heating Surfaces

The formation of gaps around flat horizontal heat-transfer surfaces immersed in a vibrated bed has

been noted by previous investigators |Bukareva et aI.,1969; Gutmar1,1974; Muchowski,l980;

Ringer,1980|. The presence of air gaps has also been observed around cylindrical heat-transfer tubes

immersed horizontally in a vibrated gas-fluidized bed [Malhotra and Mujumdar,1985]. It would be
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expected that similar gaps form around cylindrical heaters in a vibrated bed. However, the time-

averaged techniques used previously by other investigators to observe these gaps, fail to yield

phase-dependent information on them.

In this study, visual observations of the air gaps surrounding a cylindrical heat-transfer surface im-

mersed in a vibrated bed are made by using the two·dirnensional vessel, and by simulating the effect

of a cylindrical heater surface with a dummy heat-transfer tube placed across the vessel as shown

in Figure 13 on page 62. The bed is back·lit by a strobe lamp, triggered by a phase—delayed pulse.

In addition, photographs are taken at regularly spaced phase angles within a cycle ofvibration using

transparency film. The photographs give accurate quantitative information on the size of the air

gaps and the fraction of the heat-transfer surface blanketed by them at any point in the vibrational

cycle.

Visual observations of the gaps are made using all sizes of Master Beads and glass beads of both

densities. However, quantitative information using phase—delayed photography is obtained only

with Master Beads with average particle sizes of 88, 177, and 707 pm. The edges of the air gaps

are not clearly defined when using glass beads, because glass particles that line the edge of a gap

refract light into the gap. The vibrational intensity parameter K, is varied from 2 to 6.

4.3.3 Investigation of the Rarefied Zone on the Top Surface of a Vibrated

Bed

The existence of a region of high porosity on the top surface of a vibrated bed has been alluded to

previously [Buevich and Galontsev,l978|. I—Iigh·speed cinematography by Kroll [1955] also shows

a region that resembles a spray or cloud above the bed apparently in that part of the cycle when

gas is forced out of the bed.
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The nature of the top surface of the vibrated bed has been investigated in this study using phase-

delayed stroboscopic top-lighting over the two-dimensional vessel. If glass beads are used, the

rarefied zone—if it exists-can be seen clearly as a bxightly lit region on the top surface of the bed

as described above. Phase·delayed photographs are also taken at various phase angles, so that the

formation and variation of the expanded region may be correlated to the trajectory of the vibrated

bed, and also to the cyclically varying pressures beneath the bed.

At any phase angle, as the intensity of the top lighting is increased, a point is reached when in-

creasing the intensity any further does not show an increase in the depth of the brightly-lit zone on

top, although the overall brightuess of the image improves. This limiting depth is taken to be the

depth of the rarefied zone at that phase angle. For an opaque particle, such as Master Beads, a

view with reduced resolution of the rarefied zone may be obtained by front-lighting the bed.

The existence of an expanded region at the bottom of the bed (but above the gap) is investigated

by illuminating the bottom of the bed in a similar fashion. The alurninum base of the vessel is re-

placed by a transparent plexiglas base. Light is directed from the strobe lamp or other phase-delayed

light source, up onto the lower bed surface via a mirror placed below the vessel base, and angled

at 45° to the horizontal.

4.4 Measurement of Cyclically Varying Pressures

Beneath the Vibrated Bed

As described in the previous chapter (§3.3.2), the floor pressures beneath the bed can be measured

directly with the aid of solid-state pressure transducers. The pressure is sampled at three locations
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below the two-dimensional bed as indicated in Figure I3 on page 62, through small sampling ports

drilled through the floor of the vessel.

The output signals from the three pressure transducers and the accelerometer are sirnultaneously

sampled using an analog~to-digital converter (Data Translation Series DT280l). Each channel is

sampled at 3000 Hz, and the digital data are collected by a micro·computer. The high sampling

rates are achieved by using a direct memory access (DMA) scheme to transfer digital data directly

into the memory of the computer without the intervention of the central processing unit (CPU)

of the computer.

Output voltages from the transducers are sampled over two cycles. The data acquisition is initiated

by a pulse from the phase-delayed trigger circuit. The trigger pulse is delayed by zero degrees, so that

sampling is always started at the beginning of a vibrational cycle. Since there is an uncertainty of

i l° in the phase delay of the trigger pulse (see §3.3.2), the first sample point of the accelerometer

output is also checked after data are collected. lf the magnitude of this point is greater than 0.05g,

the data are rejected, and the phase delay of the trigger pulse is adjusted within the range of uncer-

tainty until the condition is met. Using this technique, the pressure data that are finally accepted

are accurately phase~matched with the displacement of the vibrating vessel to less than one degree

of phase lag.

After the acceptable data are in the memory of the computer, they are converted to equivalent ac-

celerations and pressures using calibrations of the accelerometer (§3.3. 1.1) and the pressure

transducers (appendix A), respectively. They are also processed to compensate for the temperature

drift in the transducer circuitry caused by the difference in temperatures during data collection and

calibration, as described in section 3.3.2 of the previous chapter.

In this study, floor pressures are measured beneath beds of Master Beads of all sizes, and glass

beads with average particle sizes of 88, 177, and 707 pm. Pressures below beds with depths of 43

and 60 mm are also measured for some sizes of Master Beads.
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4.5 Identyfying the ”States” of the Vibrated Bed.

As noted by Bachmann [1940], the nature of the bed changes from a freely-bouncing state to a

coherent state as the bed depth is increased above about six particle diameters. Initial observation

of the bed shows that although the bed does start to act as a coherent mass with a bed depth beyond

a few particle diameters, it remains in a highly expanded state until a greater depth is reached where

the degree of bed expansion is much less. Further experirnents are carried out to identify the char-

acteristic associated with each "state" of the vibrated bed, as well as to obtain prelirninary quanti-

tative information on the transitions between different states.

To obtain repeatable results, an accurate and reproducible measure of bed depth is necessary. The

reported bed depth, L , is an equivalent, static, packed-bed height. lt is determined by dividing the

volume of packed solids by the cross-sectional area of the bed. This method of defining the bed

depth allows for equivalent bed depths of less than a single particle diameter. A bed depth where

L/dl, < 1 can perhaps best be thought of as a fractional coverage of the vessel floor by a monolayer

of particles.

Since transitions occur at equivalent bed depths corresponding to volumes of a few tenths of a

milliliter for several of the particles studied, volume itself cannot be measured accurately or

repeatably. Instead, the packed-bed density of each particle type is determined by measuring the

weight of a packed volume of ten milliliters of particles on a chemical balance accurate to a tenth

of a The average of six measured packed-bed densities is used. For each particle type, the

measured packed densities do not vary from the average by more than two percent. The volume

required to obtain a given equivalent bed height is then measured as an equivalent weight to the

nearest tenth of a milligram, which in most cases, represents an accuracy to within a few particles

for the entire bed volume.
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Initial experiments also indicate that transitions from one state to another are best observed by a

combination of back and top lighting of the bed. Also, glass particles show the transitions more

critically than do other solids. As observed above, this is because glass particles refract light from

the lighting source above the bed toward the front if the bed is in an expanded state, but not if it

is in a packed state. Therefore, although the existence of different states is confirmed for

Master Beads (with the same size ranges as for glass beads) and FCC, critical conditions for tran-

sitions from one state to another are determined only for two types of glass beads.

Experiments to determine the transitions are performed with the aid of a pair of synchronized strobe

lamps which run slightly slower than 25 Hz. This has an apparent effect of slowing down the mo-

tion of the bed which facilitates observation of phase—dependent phenomena through the cycle of

vibration. One of the strobe lamps is placed behind the bed, providing back-lighting to determine

the presence of bunkering in the bed, and also to observe the gap below the bed. The other strobe

larnp is placed above the bed to observe the state of expansion of the bed by top-lighting.

Average particle sizes of 88, 177, and 707 pm are used for glass beads and Master Beads. The

equivalent bed depth is increased from 24 pm up to 2.82 cm, as given in Table 3. For each bed

depth, the behavior of the bed is observed and recorded for values of K of 2.5, 3, 4, 5, and 6.

Phase-delayed photographs which illustrate the different states observed in the bed are taken with

either top- or back·1ighting, depending on the bed characteristic that the photograph is intended to

bring out. The camera is placed in front of the bed for the majority ofphotographs. In some cases,

the structure of the bed is best observed by placing the camera on top of the bed, looking directly

down at the bed, with lighting through the front wall of the vessel.
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Table 3. Partlcle slzes and bed depths used ln the study ol vibrated~bed states

Particle Equivalent Bed Depths Examined
Size (Microns)

(Microns)

88 24,48,72,96,120,168,240,360,480,
600,720,840,960,1080,1200,1440,
1680,1920,2160,2400,2640,2880,
3120,3360,3600,4080,4800,6000,
7200,8400,9600,12000,14400,
19200,2880O

177 24,48,72,96,120,l68,240,360,480,
600,720,840,960,1080,1200,1440,
1680,1920,2160,2400,2640,2880,
3120,3360,3600,4800,6000,7200,
9600,12000,14400,16800,19200,
28800

707 48,72,120,168,240,360,480,720,
960,1200,1680,2400,2880,3600,
4800,6000,7200,9600,19200,
28800
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4.6 Examination of Particle Circulation in the Vibrated

Bed

Particle circulation in the vibrated bed affects the heat transfer and solid mixing characteristics of

the bed. The circulation patterns that can be easily observed are time-averaged over several cycles.

Some investigators |Gutman,l974; Buevich et aI.,l979] have suggested that the movement of par-

ticles is caused by the cyclically-varying pressure gradients that exist in the bed. lf this is the case,

the time-averaged particle motion is the result of minute displacements of particles during each cy-

cle. It is therefore necessary to examine both the overall time·averaged particle circulation as well

as the movement of particles within each cycle of vibration.

4.6.1 Overall Time-Averaged Particle Circulation

The circulation pattems of particles in shallow vibrated beds has already been exarnined in work

connected with this study [Sprung et al.,l986|. Sprung [1987] has extended the work to include a

measure of the relative circulation rates in vibrated beds under varying conditions. The previous

work used colored tracers to exarnine the circulation patterns at the transparent walls of the two-

dimensional vessel. By using iluorescent-dyed glass particles and an ultra-violet (UV) light source

to illuminate the bed, the movement of particles located a few particle diameters into the bed can

also be examined. Since the background (the undyed particles) will appear dark, lluonescent tracers

which appear as bright spots of light are easier to follow than colored tracers used with white light.

Preparation of Tracer Particles
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Fluorescent dye is used to mark the tracer particles. Any dye that is used must meet certain criteria.

The dye must be able to adhere to glass and continue to fluoresce after it is dried. lt must also have

sufficient wear·resistance that it does not rub off the glass particles which it coats, as it is scoured

by other particles in the vibrated bed. Acetone~soluble dyes have been found to meet the first

condition. Two types of dye are particularly suitable:

• A blue fluorescent dye (A·946 Blue) manufactured by the Volk Corporation
•

The "perrnar1ent” non water-soluble dye of various colors, used in Sakura SG7 fluorescent

markers.

Both dyes are diluted with a large quantity of acetone, so that dye coats on the tracers will be ex-

tremely thin, and will not significantly affect particle properties. Adding a few drops of
i

cyanoacrylate to the solution produces a tough wear-resistant dry coat on the tracer particles. In

initial tests, the dye coat did not wear or rub off even after several hours in a vibrated bed with

K= 5. After the dye coating is dry, the dyed particles are sized through screens so that tracer parti-
‘

cles are of the same size as other particles in the bed.

Observation ofthe Circulation Patterns

The two·dimensional vessel with glass walls (see Figure l4 on page 65) is used for observing and

recording the solid circulation in the vibrated bed. Quartz glass walls are used, since this material

is very transparent to UV light. To observe the effect of an immersed heat-transfer surface on the

circulation pattems, a dummy heater tube is placed across the bed between the front and back walls.

The bed is prepared for filrning by placing small quantities of blue, yellow and orange tracers in

specific locations within a bed of un-dyed particles. A packet of one color is placed at each lower

comer of the bed. Two packets of different colors are placed one above and one below the dummy

heater tube. Since tracers of different colors which stand out against a dark background are used,

it is possible to use a larger volume percentage of tracers than is normally possible. Also, the use
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of different colors at various locations within the bed allows the degree of mixing between different

regions of the bed to be estimated.

The bed is illurninated by a l00·watt long-wave UV light source. This causes tracer particles to glow

brightly and un-dyed particles to appear black. The UV light penetrates about 3-6 mm into the

bed of glass particles depending on the particle size. A larger particle size allows greater penetration.

Thus, tracers within the bed can also be observed. The proximity of the tracer to the wall can be

approximately judged from the brightness of the glow; tracers appear fainter as they move away

from the wall into the bed. The movement of the tracers are recorded on video-tape.

Bed circulation patterns are studied using 707-pm glass particles of both densities, with bed depths

of 30 and 60 mm, and also using 177~pm low-density glass particles [Johnson, 1987].

4.6.2 Particle Motion Within a Cycle of Vibration

Particle motion within a cycle of vibration is studied using high-speed cinematography. Colored

tracer particles are used in a two-dimensional bed. The bed is illurninated by three 1000-watt

white-light lamps. Filming is done with a HYCAM-ll high-speed camera at 1250 frames per second

(fps), giving 50 frames per cycle of vibration, and at 2500 fps, giving 100 frames per cycle.

A K·value of 4 is used in all experiments. Once the bed has reached a steady state, the camera is

turned on, and run until the 400 feet of film in the camera runs out. A stationary knife-edge placed

against a scale mounted on the vessel, gives an approximate indication of the vessel displacement

relative to its rest position. Alter the flm is developed, it is viewed on a cine projector.
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4. 7 Measurement of Surface-to-Bed Heat Transfer

Coejyicients

The surface·te-bed heat·transfer coeflicient fer a cylindrical surface immersed horizontally in a

shallow vibrated bed is measured. The heat-transfer probe described in section 3.3.4 of the previous

chapter is used as the heater (see Figure 20 en page 84). The heater tube and its supports extend

through the diameter of the cylindrical three·dimensiena1 vessel as shown in Figure 12 en page ~
l

60. Power is supplied to the electrical heating coils within the cylindrical heater probe from a stable

DC·voltage supply. The power supplied te the heater coils can be varied between 3 and 150 watts,

although in practice, 40 watts ef power is never exceeded at steady-state.

The power input te the heater coil is measured by reading the veltage across a power resistor ef

known value that is connected in series with the heater coil as shown in Figure 21. By measuring

the veltage K across the 0.1-ohm resistor, and the voltage across the heater coil K,, the power input

Q may be calculated from:

V V
Q =% [4.4]

The surface temperature of the heater tube is measured by four thermoceuples placed at various

locations along the surface of the tube, as described in Section 3.3.4. The heat probe is placed in

the bed se that one thermocouple faces upward; one, downward; and two horizentally, facing for—

ward and backward.

Initial experiments in which the bed is mapped at steady-state with a hand-held mobile

thermocouple indicate that the bed can be divided by temperature inte six regons. Each regen is

roughly isothermal. The bed temperature is read by T·type thermocouples at six locations indicated
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Flgure 21. Clrcult for meaeurlng the power Input to the heat·transfer probe: Voltages V,, and V,
are measured across the heater coils and the 0.1-ohm resistor respectively.
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by dark circles in Figure 12 on page 60. There is one thermocouple in each of the six isothermal

regions. Mixing of the solid appears to be more intense perpendicularly to the axis of the probe than

longitudinally. The two bed thermocouples labelled 2 and 5, closest to the probe usually read a few

degrees higher than the other four bed thermocouples. Thermocouplcs l, 3, 4, and 6 reflect solid

mixing parallel to the probe, and heat does not reach them as efficiently as it reaches 2 and 5. The

bed temperature is an average of temperatures read at these six locations.

In addition to the six temperatures that are used to calculate the average bed temperature, three

additional thermocouples read temperatures within the bed at locations close to the probe and at

the bottom of the bed, to obtain additional information on theflow of heat in the bed, but are not

used in the calculation of the heat-transfer coefficient. One the thermocouples is placed 6 mm di-

rectly below the bottom surface of the heater—that is, 7.65 mm above the floor of the vessel. This

thermocouple reads the temperature within any "dead" zones that may exist below the probe as

identified by Sprung et al. [1986]. Dead zones are regions in the vicinity of the heat-transfer surface,

of reduced particle activity or mixing, and are therefore detrimental to heat transfer. Another

compares the effect of the proximity to the probe, and is located in the horizontal plane passing

through the axis of the heater and 6 mm to one side of the heat·transfer surface. It is located in a

region of high particle mixing. The third thermocouple which is located 7.65 mm above the floor,

but away from the probe, gives an indication of temperatures at the bottom of the bed. By com-

paring readings of these three thermocouples, the effect of the dead zone below the probe on heat

transfer may be determined.

Heat-transfer data are collected by a digital computer. Thermocouplcs in the probe, the probe

support, and bed are sampled sequentially. The thermocouples are switched to a common amplifier

using the switching circuit described in section 3.3.4.1. Each amplified thermocouple output is

digitized and read by a computer. Therrnocouples are sampled every 45 seconds. The heat·tra.nsfer

surface temperature is the average reading of the four probe thermocouples, and the bed temper-

ature is taken as the average reading of the six major bed thermocouples. The voltage V, across the
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0.1-ohm resistor ar1d the voltage across the heater V, are digitized and read by the computer, and

are used to calculate the power supplied to the heater using equation [4.4].

Temperatures of the bed and probe usually reach a steady state in 60 to 90 minutes. The power is

varied so that the steady·state temperature of the heater surface is between 80° to 90°C for every

experiment. Once this condition is reached, the computer tixes the value of the power supply, and

regulates it to less than 0.5% of this value.

After a steady state is reached, all temperatures in the probe and bed, as well as the power input to

the heater are recorded once every five minutes over a period of 30 to 40 minutes. From these data,

an average value of the heat-transfer coeflicient is calculated.

Measurements of heat-transfer coefiicients are made for Master Beads over the entire array of size

ranges given in Table 2 on page 91. K is vaxied from 2 to 7; however, with the smallest particle sizes

(125 and 88 pm), the bed becomes unstable, bunkering off to one side and exposing the heater

when K> 5, so no measurements are made for those beds beyond K= 5. With glass beads, heat-

transfer coeilicients are measured for particle sizes of 88, 177, and 707 pm.
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5.0 Bed Dynamics - Results and Discussion

5.1 Theoretical Background

A11 existing physical models for the vibrated bed are based on the assumptiou that the bed can be

modeled as a single coherent plastic mass. This means that the bed can be treated as a single ho-

mogeneous entity, which does not rebound after colliding with the vessel floor. Models for vibrated

beds are largely based on the following assumptions:

1. The bed moves as a single porous piston. This means that the center of gravity of the bed al-

ways remains midway between the top and bottom surfaces of the bed. This requirement may

be achieved by assuming that:

a. the voidage of the bed remains constant, or

b. any change in voidage occurs uniformly over the entire bed, or

c. the voidage changes are symmetric — for example, if the expansions of the top and bot-

tom regions of the bed were uniform at any given instant.
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2. The collision between the bed and the vessel floor takes place instantaneously, and is com-

pletely inelastic (there is no rebound).

3. The percolation of air across the bed caused by the formation and closure of the air gap at the

bottom of the bed, is entirely in the laminar flow regime, and obeys Darcy’s law. This as-

sumption is valid, at least up to frequencies of 100 Hz, according to the results of Gutman and

Davidson [1975].

4. The vibrated bed can be treated as a one-dimensional system. This assumption is based on the
l

reasoning that variations in gas pressure and velocity in the vertical direction are much larger

than those in any of the horizontal planes, since applied vibrations are in the vertical plane.

In addition to the above, it may also be assumed that wall-friction effects on shallow vibrated beds

are negligible. Experimental analysis by Gutman [1974] shows that wall friction is negligible if the

bed is relatively shallow (L/D < l.) .

The single-particle model of Takahashi et al. [1968] will not be considered here as it has been found

to be in serious error, particularly in neglecting the effects of air drag on the bed [Gray and

Rhodes,l972]. Apart from the single-particle model, there are four major models for the vibrated

bed.

The Kroll model [Kroll,l954,l955] assumes in addition to the assumptions listed above, that the

air within the bed can be treated as an incompressible fluid. The Gutman model

[Gutman,l974, 1976a] is really an extension of the Kroll model, in that it eliminates the assumption

of incompressibility, and tneats the gas as a compressible fluid.

The wall—friction model of Ryzhkov ar1d Baskakov [1974] considers the influence of wall friction in

relatively deep beds (L/D > 1). The model neglects drag effects since wall friction has been found

to be of importance only in large-particle beds, where drag forces are small. However, as will be

shown later, drag effects are not negligible even in 1arge—particle beds. Therefore, the validity of this
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model is questionable until drag effects are included. ln any case, the model will not be discussed

any further since this study deals exclusively with shallow vibrated beds.

The expanding-bed model of Buevich and Galontsev [1978] attempts to address the expansion of

the bed during the flight period. ln order that the center of gravity of the bed remain midway be-

tween the top and bottom surfaces, the expansion is assumed to be uniform, and only to take place

at the top and bottom regions of the bed. Expansions of the extreme regions of the bed are as-

sumed to be caused by differences in drag forces on the particles in these regions as compared to

particles inside the bed.

5.1.1 Force Balance on the Vibrated Bed

The forces acting on a vibrated bed are shown schematically in Figure 22. If frictional forces in the

bed can be considered to be negligible, the balance of forces on the bed can be written as:

d2(s + a)M, —?+M,g—A,(P,-P,)-N,=0 [5.1]
z

ln the force balance, N, is the normal force acting on the bed, M, is the mass of the bed, A, is the

cross-sectional area of the bed, P, is the pressure at the bottom of the vibrated bed, P, is atmo-

spheric pressure, a is the displacement of the vessel, and s is the displacement of the bed relative to

the vessel. When the bed is in flight, the normal force on the bed disappears, and N, = 0. The mass

of the bed M,, is equal to A,Lp,_ where p, is the bulk density of the bed. Substituting for the vessel

acceleration and bed mass, the equation of motion for the bed during the flight period can be

written as:

2 P — P= + aowz sin(wl) — g [5.2]
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Flgure 22. Force belance dlagram for e vlbrated bed: Schematic representation of the forces
acting on a vibrated bed modeled as a single plastic mass. Notation: L - bed depth;
A, - cross—sectionaI area of the bed; P, - atmospheric pressure; PL ~ pressure at the
bottom of the bed; s · air gap thickness; z - vertical ordinate; a — vessel displacement
at time t ; a, ~ vibrational amplitude; F - gravitational force on the bed; F, · viscous
drag force due to the gas flow; F, - wall friction force; F„

· normal force (only during
bed-vessel contact).
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While the bed is in contact with the vessel floor, there is no gap at the bottom of the base (s = 0).

Also, the rate of change of the gap thickness equals zero. As a result (dz:/dt!) = 0. For the fraction

of the cycle in which the bed is in contact with the vessel floor, the force balance for the bed is given

by:

N6 2 · P1. ‘ Po
l--= — t —

·· [5.3]
A1>P1>l·

g a°w sm(w ) Pbb

The instant at which the net force is equal to zero while the bed is still in contact with the vessel

floor, represents the instant of bed lift-off, provided the bed is considered to be rigid and there are

no time~dependent variations in bed porosity. At the instant of separation, the normal force on the

bed will just equal zero; and since the bed has not yet started moving relative to the vessel,

(dz:/dti) = 0 . Thus the instant of bed-vessel scparation t, is obtained from:

P — P

äLs
+ aowz si11(wl_,.) —· g = O [5.4]

5.1.2 The Kroll Model

The Kroll model [Kroll,l954,l955[ assumes that the air flowing through the bed can be treated as

an incompressible gas. The superlicial velocity of the air is related to the vertical pressure gradient

in the bed through Darcy’s law:

dP.. __ L Lu, ,, dz [6.5]

where P, is the pressure of the gas at any depth 2 within the bed. The pcrmeability x of the porous

medium is given in mz by the Kozeny·Carman correlation [Bird et aI.,1960]:
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K ,_.LÄ [5 6]180 (1 _ 8)2

The assumption of gas incompressibility implies that the pressure gradieut across the bed will be

linear. Since the bed porosity is assumed constant, the flux of air through the bed must accumulate

in the gap below the bed. Therefore, the velocity of gas flow through the bed must equal the rate

of change of gap thickness. Thus:

£- - L6,, .. I, L [6.7]

Substituting this into the equation of motion for the flight period [5.2] gives:

—'L im -6)+20 —P)=g—aw’sm(w:) [5.8]#1] dl L 0 pbll L 0 o

In addition, the assumption of incompressibility means that the pressure in the bed must equal zero

when the bed is in contact with the vessel floor:

P — P22- l = 0 [$.6]ML z,

The phase angle 6, ( = wt,) of bed-vessel separation can be obtained by substituting this into

equation [5.4] and solving the resulting equation to give:

6, = sur' (gyaowz) [s. 10]

lf the superficial velocity of the gas (which equals the relative velocity of the bed) is substituted in

the equation of motion during the flight period, the model of Yoshida and Kousaka [1967] is ob-

tained. Therefore, the models of Kroll and of Yoshida and Kousaka are mathematically identical.

The equation of motion can be put into a dimensionless form by introducing the following

dirnensionless variables:
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P — P
2-211,; r=(«„1)

Po

Since the equation of motion is valid only for the flight period, the time axis can be shifted so that

T= 0 corresponds to the instant of 1ift·off. The Kroll model may now be written as:

d¢ 1 .W j-+A<1>,_=?-sm(T+6,) [5.11]

where <1>,_ is <D evaluated at z= L. The dirnensionlcss groups
‘l'

and A are given by:

PW =LL [5.12]p.Laow

P
A = *-9-7 [6.1:6]

pbLa0w

The equation of motion of the vibrated bed, [5.11], is an initial-value ordinary differential equation

that can be solved subject to the following initial conditions:

¢L=O; S=O at T=O [5.14]

The analytic solution to this equation is:

RKA<I>L= 1 -FJL-[(12,,./122-1 + 1) sm r+ (12,, -,/122- 1 )¤6sr
h +

[6.16]
12,,.

/1<’
- 1 + 1

In this equation, R,, is the ratio of the dimensionless groups A and
‘I',

and is given by:

A 1112,, - = [5.16]
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Since the inverse of permeability (l/vc) is a measure of the resistance of the bed, the factor R,, is

proportional to the resistance of the bed per unit bed weight at a given frequency. Obviously, as the

viscosity of the gas increases, this resistance would be expected to increase. However, it is interesting

to note that the value of the resistance per unit bed weight would tend to decrease as the vibrational

frequency were increased.

Expanding the group of dimensionless parameters on the left-hand side of equation [5.15] gives:

1<A<1> = —— [5.17]L m„Ls

This represents the ratio of the pressure force acting on the bed to the weight of the bed or the drag

force per unit bed weight. In the absence of any extemal forces other than gravity acting on the

bed, gas fluidization of the bed due to the upward flow of gas would take place if this ratio exceeds

unity. In practice, the drag force per unit bed weight exceeds unity for a fraction of each cycle,

therefore the bed does not have suflicient time enter a fully fluidized state. Note that equation [5.15]

suggests this ratio should depend only on the vibrational intensity parameter K and R,,, which is

independent of bed depth.

Using dimensionless variables, a dimensionless gas velocity may be defined as:

- AQ -LU„- Ü - com [$.18]

The dimensionless velocity is related to (DL by:

UO:-—1¤<x>L [5.19]

Therefore, the dimensionless air-gap size S can be obtained by integrating equation [5.15] for (DL,

with the initial condition that S = 0 at T= 0. This gives:
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1 )S1„ T- (Rh./K2 -1 + 1) cos T
[$.20]

12,,./18-1 +1 12,,./K2-1 +1— <=¤<1>(—R1„’/1]-1-,gj]

The factor (l/R,,K) does not contain the bed depth. This means that the gap size predicted by the

Kroll model is also independent of the bed depth.

Plots of the group KA<I>,_ and the gap size as a function of the phase angle of vibration are given

' in Figure 23 on page 122 with K = 2, and in Figure 24 on page 123 with K = 4. The three values

of R, used in the plots are equivalent to beds with particle diameters of 707, 177, and 88 pm, with

a bed porosity of 0.41, and a solid density of 3600 kg/m3. The value of R,, decrease with increasing
”

particle size. The vibrational frequency is 25 Hz. _The plots indicate that particularly at K = 4, the

pressure drop across the bed exceeds the bed weight for a part of the vibrational cycle for the two

smaller particle sizes. Also, at K = 4, the bed of 707-pm particles undergoes unstable cyclic throws.

That is, it collides with the bed later than the instant at which it should lift-off.

Equation [5.19] is a dimensionless form of Darcy’s equation since it relates the dimensionless ve-

locity through the bed to the dimensionless linear pressure drop across the bed. Therefore, the

dimensionless group
‘l',

may be described as a "dimensionless bed permeability parameter'. Alter-

natively, it may be considered as a dimensionless group that describes the effect of viseous drag

caused by an oscillatory flow of gas through a porous bed. The dimensionless group A, contains

the bed density and vibrational acceleration, and therefore, describes the apparent weight of the bed

under the action of vibrational acceleration.
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Figure 23. Predlctlono ol the Kroll model at K = 2: Drag force per unit bed weight and size of
the gap beneath the bed as predicted by the Kroll model, for a vibrational intensity
parameter, K -

2, and with particle sizes of 707, 177, and 88 pm.
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Figure 24. Prodlctlons ol the Kroll model at K = 4: Drag force per unit bed weight and size of
the gap beneath the bed as predicted by the Kroll model, for a vibrational intensity
parameter, K - 4, and with particle sizes of 707, 177, and 88 pm.
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5.1.3 The Gutman Compressible-Gas Model

The only difference between formulations of the Gutman and Kroll models is the elimination of

the assumption of incompressibility in the Gutman model. ln addition, it is assumed that the

compression of the gas in the bed will be isothermal. This is a reasonable assumption since the gas

is ir1 close contact with a large mass of particles that have a large heat capacity in comparison to

the gas, and therefore the particles act as an infinite heat sink.

With the assumption of constant bed porosity, the one-dimensional equation of continuity for the

flow of gas through the bed can be written as:

öp ö6 ät -
——

az (puo) [5.21]

Here, p, is the density of the gas at a depth z within the bed at any time t. Substituting Darcy’s

equation, [5.5], for the superficial gas velocity into the above equation, and expanding gives:

ÜP ic ÖP öpz özpz

ät - 22, öz az + p özz [5.22]

Using the equation of state for a compressible gas, the change in density of the gas can be related

to the change in pressure (for isothermal compression of the gas) by: Öp = p„öP, where po is the

gas density at atmospheric pressure. Substituting for p in equation [5.22] gives:

6„ ap, 1 ap, 2 6*1;—— —= — —— + —— [$.23]»6P2 öz P2 öz özz

lf pressure variations in the bed are small in magnitude, and vary about a mean pressure, say at-

mospheric, then P2=P,, and

6*1; 1 6122 2
özz > P, öz
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Using these approximations, the equation of continuity now becomes:

ap, „P,, ö2Pz
—
ä SZ; [5.24]

This is identical in form to the one-dimensional diffusion equation. Using the dimensionless vari-

ables defined above, the equatiorr can be written in a dimensionless form

ao _ ö2<I>
ÖT - I" ÖZ2 [5.25]

The dimensionless group F is defined as

P1* =% [5.26]
6pwL

Note that I" is similar to the dimensionless group (saw/2»cP„,)°‘L = (2I“)·°-‘ that Gutman [1976a]

obtains in his solution to the equatiorr.

The dimensionless initial condition is:

<r>=0 at r=0 [5.27]

The pressure on the top of the bed is always atmospheric, so the upper boundary condition is

¢D=O at Z=O [5.28]

The mass flow rate of gas across the lower boundary obeys Darcy’s law, and it must equal the rate

of accumulation of air in the gap below the bed if the porosity of the bed is invariant. Therefore,

d(P~‘) rc dp:
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where p„ is the average density of the gas in the gap. Assuming that pressure variations are small,

pzpc,. Then, the gas density can be taken out of the diflerential ir1 the equation above. In

dirnensionless form, the lower boundary equation of continuity is:

dS _ _ QdT - w dz |Z=d 6.:+01

This equation can be combined with the equation of motion for the bed during flight, [5.2], to give

a single lower boundary condition during the period of flight. ln dirnensionless form it is:

-L L_ · _ A. ß‘°L‘
A l K Smm W «1r(az lL,,,>l [Smm

When the bed is in contact with the vessel floor,

d<D _
dz [2:1- 0 [$.32]

Equation [5.31] is an unusual boundary condition in that it contains a double derivative of the de-

pendent variable with respect to both time and space, but this does not pose a problem to the sol-

ution of the goveming equations. A semi-a.nalytical solution was obtained by Gutman [1974,1976a]

by assurning that the pressure PL of the air in the gap could be expressed as a Fourier series, and

then solving for the Fourier coefficients. However, Akiyama and Naito [1987] have shown that a

more reliable result can be obtained if the model is solved by a numerical teclmique such as

orthogonal collocation, rather than by pre~supposing the form of the solution.

A numerical solution technique would start off from the first cycle of vibration. At this point, as

the initial condition states, the pressure is atmospheric everywhere in the bed. Therefore, the instant

of bed lifi-off is given simply as sin"(l/K). The solution is then canied out over several cycles until

the steady·state criterion, that the pressure at any instant 1 in one cycle must equal the pressure at

1+ 2rr in the following cycle, is met.
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5.1.3.1 The Effect ofGas Compressibility

Kroll [1955] has shown that the ratio of the pressure at any depth z in the bed to the pressure below

the bed at the instant when the pressure beneath the bed is most negative can be obtained in the

form of an analytic expression from equation [5.24]. The solution assumes the fluctuation of the

pressure beneath the bed to be a simplified sinusoidal function of the form PL = P, + C, sin(wt),

where C, is a constant. Using dimensionless variables, the ratio can be expressed as:

«> 2 <
—1>"*‘

.——— = Z — — ——-—-—l— s1n(mrZ) [5.33]fl [(226*1*2 + 1]
n=l

A graph of the ratio (<D/(DL) as a function of the dimensionless bed height ordinate, 1 -— z/L, is given

in Figure 25 using values of l" between S and 0.09. This clearly establishes F as a measure of the

effect of gas compressibility in the bed. The smaller the value of I", the larger the effect of gas

compressibility in the bed. The effect of compressibility is detemiined only by the frequency of

vibration and not by the vibrational intensity. It is strongly affected by the particle size and bed

depth. As shown in Figure 25, when F = 0.09, approximately 50% of the pressure drop across the

bed takes place in the bottom 20% of the bed. Obviously, as the pressure beneath the bed reaches

a maximum positive value, the greater part of the pressure drop across the bed will still be in the

bottom part of the bed, but the actual gauge pressure will now be positive. Therefore, the bottom

section of a bed that is strongly iniluenced by gas compressibility will be subjected to extremely

large swings in the pressure gradient over a single cycle of vibration.

As a comparison, Table 4 on page 129 gives values of l" for various bed conditions, and at

vibrational frequencies of 25 and 50 Hz.
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at the bottom of the bed (at depth L), on F, the dimensionless group describing the
effect of gas compressibility.
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Table 4. Values of the compressibllity parameter I', for various bed and vlbratlonal condltlons

Particle Frequency Bed Depth F
Size (Hz) (mm)

(microns)

800 50 40 18.749

707 25 30' 52.066

177 25 30 3.263

100 50 40 0.293

88 25 30 0.807

20 25 30 0.017
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lt can bc seen by comparing Table 4 with Figure 25 that even with a 30-mm deep bed of 88-um

particles vibrated at 25 Hz, the pressure drop across the bed is close to linear. However, Gutman

has noted by comparing the variation in the pressure beneath the bed over an entire cycle, that

compressibility effects can be neglected if:

0.6

This is equivalent to the condition: l' > 2.. lt is also important to note that the dependence of l"

on the bed depth is so strong that if the bed is bunkered, it is possible for compressibility effects to

be important in the deeper section of the bed even though they may be inconsequential if the av-

erage bed depth were considered.

A comparison of cyclic pressures beneath the bed and gap sizes as predicted by the Kroll and

Gutman models (as solved by Gutman [1974,1976a]) for a 40-mrn deep bed of 800-am particles

vibrated at 20 Hz with K = 2.06 is given in Figure 26 on page 131; and for 100-pm particles vi-

brated at 50 Hz with K = 5.03 is given in Figure 27 on page 132. As expected, differences between

the predictions of the two models are small with larger particles and lower frequencies. With smaller

particle sizes and higher frequencies, the differences are more apparent. The primary difference is

that after the bed collides with the vessel base, the incompressible-gas model predicts an instanta-

neous drop to zero in the pressure beneath the bed, whereas the inclusion of gas compressibility

means that this pressure will decay more slowly after the collision. Also, if the effect of

compressibility is noticeable, both positive and negative limiting values of the pressure Huctuation
l

are greater in magnitude for the compressible·gas model. However, Akiyama and Naito [1987],

have suggested the possibility of some error in Gutman’s solutions. Their solutions tend to give

smaller magrritudes for the limiting values of the pressure fluctuation. As shown in Figure 27 on

page 132, the gap size predicted by the compressible-gas model is larger than that obtained from the

incompressible-gas model.
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Flgure 26. Comparison between Kroll and Gutman models when compressibllity effects are neg-
Ilgible: 'l'he predictions of the Kroll and Gutman models of the air gap thickness and
floor pressures for a 40-mm deep bed of 800-pm particles. The frequency of vlbration
is 20 Hz, and K-2.06 [Gutman,1974]. Note that the predictions of both models are
identical in this case.
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is 50 Hz, and K—5.03 [Gutman,1976a]. The predictions of the Gutman model is differ-
ent from that of the Kroll model in this case.
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5.1.3.2 Limitations of the Compressible-Gas Model

The incompressible-gas model predicts that both maximum and minimum floor pressures contin-

uously increase with bed depth. With the inclusion of compressibility, the maximum and minimum

values increase to a limit, and then there is no further increase in the extreme values. ln practice,

Gutman [1974] found that although this was the trend in larger particles, the maximum pressure

beneath the bed reached a limiting value with fine particles at a bed depth of 60 mm, after which

it started to decrease. This is consistent with the flndings of Buevich et al. [1979], as reported in

Chapter 2. There is no delinite explanation for this phenomenon. Gutman [1974] has suggested that

it might be due to the generation of tensile forces within the bed caused by the extreme nonlinearity

of the pressure gradient. These tensile forces cause a break-up of the bed structure creating large

porosity variations within the bed and invalidating the assumption of constant bed porosity. Sol-

ution of equation [5.33] with very small values of F will give negative values of the pressure ratio

<l>/<l>,_ in some regions of the bed. Gutman has suggested that the compressible·gas model breaks

down when l" < 0.125 .

Gutman and Davidson [1975] have shown that for oscillatory gas flows at frequencies above

100 Hz, Darcy’s law is no longer valid. Above 100 Hz, the dissipation of energy from the gas is

increasingly caused by rapid changes in the momentum of the gas flow. However, for most practical

purposes, frequencies higher than 100 Hz are not used since the bed is only very slightly mobile.

As will be shown later, the assumption of constant bed porosity may not be valid even in beds

where the effects of compressibility are not large enough to cause break-up of the bed structure.

Expansion of the bed as the pressure beneath the bed goes negative will cause some of the air

flowing down into the bed to be retained by the bed, rather than appeaiing in the gap below the

bed.
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If the bed bunkers, then the bed depth will vary, causing horizontal variations in pressures below

the bed. This will create horizontal flows of gas from one region of the bed to another, thus inval-

idating the assumption of one-dimensionality in the model.

5.1.4 The Expanding·Bed Model

Buevich and Galontsev [1978] have attempted to extend the Kroll model to include the effects of

bed expansion. The expansion is assumed to be uniform, and also is assumed to take place only

at the top and bottom sections of the bed. The model was originally developed for vibrated beds

with additionally imposed gas flows, so that the vessel floor is permeable to gas flow. However, it

is possible to adapt it for a non-permeable vessel floor.

The greatest problem with any model that attempts to include porosity variations is to describe the

trajectory of the center of gravity of the bed, since it will shift between the upper and lower

boundaries of the bed as the porosity varies. However, if the bed expansion is uniform over the

entire bed, the center of gravity will remain midway between the upper and lower surfaces of the

bed as shown in Figure 28. This means that the trajectory of the center of gravity during the flight

period will be exactly the same whether the bed expands or not. Since air is assumed to be

compressible, the equation of motion of the center of gravity will be exactly the same as for the

Kroll model. That is:

dzz dz _

T1}?
+ j=

(10602
Sl.1’l((0l)* g [5.34]

where ze is the vertical position of the center of gravity of the bed relative to the vessel floor. Ob-

viously, substituting : = ze in this equation would make it identical to the Kroll model. As shown

in Figure 28, the distance between the center of gravity and either the top or bottom surface of the

bed at any instant is H =f(z). The distance between the top of the bed and the vessel floor at any
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instant is z, + H. If the ratio of the drag force on the top of the bed to that inside the bed is 6, the

equation of motion of the top of the bed can be written as:

d2(z + H) p d(z + H) _
+ 6 i -17-= aowz sm(wt) — g [5.35]

Expanding and substituting for the equation of motion of the center of gravity gives:

4*11 u an _ ll gg
diz + 6 pb" dt

— (1 G) Pb'< dz [536]

A similar analysis on the bottom surface gives:

d2H u .111 _ u gdl, + 6 pbx dl - (6 — 1) pbx dt [5.37]

Note that the penneability in the equation of[motion for the center of gravity is time-depenclent.

The porosity of the bed at any instant can be dctermined by solving for the trajectories of the top

and bottom surfaces of the bed. Thus using the three equations of motion, the bed expansion can

be taken into account. The initial conditions for solving the model are:

H= H0; z, = H, at := 9, [5.38]

Here, H, is half the static height of the bed, and 0, is the phase angle of lift—off given by sin·‘(l/K).

However, this model suffers from a number of drawbacks:

•
The expansion of the bed is unlikely to be uniform at all times. Particularly as the bed is lifting

off the vessel floor, it is more likely that the top of the bed will expand earlier than the bottom

of the bed.
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Flgure 28. Schematlc representatlon of the expanded-bed model: The one·dlmensional
expanded·bed model according to Buevich and Galontsev [1978). Notation: L - Bed
depth; z, - vertical ordinate of the center of gravity of the bed relative to the vessel
floor; H - half-bed height; H, · half-bed height at lift-off; a · vertical displacement of the
vessel; P, - atmospheric pressure; PL - pressure at the bottom of the bed; t - time.
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•
The drag ratio 6 cannot be theoretically evaluated. No empirical correlations for 6 exist. As

a result, this model has been solved only for ”typical" values of 6 by Buevich and Galontsev

[1978].

•
The variation in bed porosity is more likely to be of greater importance in small-particle beds.

However, in such beds, the assumption of gas incompressibility will be increasingly in error.

5.2 Mechanics of the Shallow Vibrated Bed

This section will deal with observation and discussion of the overall mechanics of the shallow vi-

brated bed. Floor pressure fluctuations and their effects on bed motion and expansion will be dis-

cussed. Later sections will deal with particle circulation and localized phenomena in the vibrated

bed.

5.2.1 Observation of the Bed Trajectory

By using a strobe larnp, which is continuously triggered by a phase-delayed pulse, to back-light a

”two-dimensional" vibrated bed, it is possible to observe the instant of lift-off of the bed from the

vessel floor, and later in the cycle, the instant of bed-vessel collision. More critical values can be

obtained by taking back-lit phase-delayed photographs of the gap. The lift-off and collision points

observed in beds of 707- and 177-um Master Beads with K ranging from 3 to 7 are summarized in

Table S on page 138. The gap size at K= 2 is very small, and reliable values of the 1ift—off and col-

lision are not possible. With the two smallest particle sizes (125 and 88 pm), no gap can be ob-

served beneath a 3-cm deep bed even with K= 5 at atmospheric pressure.
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Table 5. Observed phase angles ol Iilt off and colllslon for 707 and 177 pm Master Beads

Particle Phase Vibrational Intensity Parameter, K
Size Angle

(pm) of: 3 4 5 6 7

lift·0ff 52/36 52/36 (a) (a,) (a.)
707

collisiou 318 354 (a,) (a) (a.)

lift-ol} 1 12 9 3 6 8 5 8 47177VU
collision 270 293 314 320

33Ö(a)- unstable bed throw
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5.2.1.1 Bed LW-oß

Two phase-angles are quoted for the lift·off of 707-pm particles. The larger value corresponds to

the phase angle at which a very narrow (often broken) strip of light appears at the bottom of the

bed. The thin strip of light can be observed consistently at every cycle at the given phase angle.

The lower value represents the instant at which occasional "flashes" of light can be seen beneath the

bed. Obviously, these llashes of light can only be seen if there is a particle—free pathway for the light

to travel across the bed. However, the flashes are small — approximately equal in diameter to the

particles — and do not appear in every cycle. The significance of these values will be discussed later.

The lift-off of the bed is very gradual (relative to other cyclic phenomena) and is therefore difficult

to observe accurately. It is particularly diflicult with small particle sizes and low vibrational inten-

sities.

The results summarized in Table 5 on page 138, show that as the particle size is reduced, the bed

lifts off the vessel floor at larger phase angles. Eventually, when the particle size is reduced to

125 pm, the bed cannot be observed to lift-off the vessel base any longer.

With small particle sizes, the phase angle of lift-off is reduced as the vibrational intensity is in-

creased. As the particle size is increased, the phase angle of lift-off increasingly becomes less K-de-

pendent for K 2 3. A rough measurement of the phase angle of lift·ofT at K = 2.5 with a particle size

of 707 pm gives a value of 43°, indicating that there is possible K-dependence at lower values of

K.

When the bed is vibrated in a vacuum, all particle sizes are observed to lift off the vessel base. This

is true even of FCC powder and 10-pm copper powder. As the pressure in the vessel is slowly in-

creased, the gaps below these fine~particle beds suddenly disappear.
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5.2.1.2 Bed Trajectory and Bed- Vessel Collision

The size of the air gap is observed to increase with increasing vibrational intensity and particle size.

In a vacuum, the differences in the air gap thickness between different beds tends to diminish.

Unlike the lifi-off, the instant of bed-vessel collision is relatively easy to detect because in most

cases, it is sudden. None of the beds show any tendency to rebound off the vessel floor after the

collision. Therefore, the assumption that the bed-vessel collision can be modeled as being com-

pletely plastic appears to be valid (but see also the later discussion about the 'states” in ultra-

shallow beds).

The results in Table 5 on page 138 show that as the particle size is increased, the duration of the

flight period also increases. The instant of collisions also appears later in the cycle as K is increased.

For 707-pm Master Beads, the cyclic throw of the bed becomes unstable for values of K greater

than 4, because the period of flight becomes longer than the period of vibration. This means that ·

the bed collides with the vessel floor later than the instant of lift-off. Thus, the collision process

does not have suflicient time to decay before the bed is in flight again. The result is an unstable

behavior of the vibrated bed, where the bed begins to rock in the (major) horizontal direction about

a central axis. One half of the bed is in Hight during one cycle, while the other half remains in

contact through the entire cycle. In the following cycle, the bed rocks in the opposite direction, so

that the half that was in flight in the first cycle now remains in contact with the floor throughout

the cycle. This unstable rocking motion is observed in beds of 500-nm particles when K>5, and

also in small·partic1e beds under vacuum at values of K greater than about 4.

The collision between large-particle beds and the vessel floor can also be observed on an

oscilloscope trace of the accelerometer output. A "kink' appears in the waveforrn as shown in

Figure 15 on page 68. The kink is caused by the collision which sends an impulse through the

vessel floor that is picked up by the accelerometer. The displacement of the vessel is not affected
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by this collision if the mass of the vibrating table is large compared to that of the bed. If either the

leaf springs are not sufficiently stiff or the mass of the vibrating table is low, the output of the dis-

placement transducers will also show severe distortion at the instant of collision. The collision is

also audible. With small-particle beds (335 pm and below), there is no distortion of either the ac-

celeration or displacement waveforms. This difference will de discussed further in later sections on

bed bunkering.

The entire bed does not fall back onto the floor at one instant. lnstead, the gap closes first at the

side walls, and closes from either wall toward the center of the floor. As shown in Figure 29 on

page 142 and Figure 30 on page 143, this difference in the phase angle of gap closure at the side

walls and at the center is more noticeable in smaller particles (177 pm) than in larger particles

(707 pm).

Compaction of the Bed During the Bed-Vessel Collision

lligh·speed cinematography at 2500 frames per second (fps) of a bed of 177-,um Master Beads at

K=4 also clearly shows the closure of the gap from the side walls toward the center. ln addition,

the film played back at 25 fps — slowing down the action 100 times — shows a "compaction" wave

that travels through the bed during the collision process as illustrated in Figure 31 on page 144.

The film clearly shows that the section of the bed behind the wave-front is in a compacted or tightly

packed state. Ahead of the wave·front, the bed is still loose and mobile. At any instant during the

collision process, the leading edge of the wave is coincident with the point at which the bed has just

collided with the vessel floor as shown in Figure 31 on page 144.

The wave front slopes back toward the side wall from this point. The angle of the wave-front re-

presents the resultant of the horizontal and vertical propagation velocities of the compaction wave

as shown in Figure 32 on page 146. The horizontal component represents the rate at which the

bottom gap closes toward the center. The vertical component represents the speed at which the

compaction wave will propagate upward through the vibrated bed for the bed and vibrational
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conditions used. From Figure 32 on page 146, it is clear that the vertical propagation velocity may

be

determined by:

V, = V, cot( [5.39]

V, and V,, are the vertical and horizontal wave propagation velocities, respectively; and C is the angle

of the wave-front to the horizontal axis. The vertical propagation velocity will be determined by

the rate at which gas can be expelled from the bed. This will depend on a number of factors, in-

cluding the permeability of the bed and the relative accelerations of the bed and vessel at the instant

of collision. lt would be expected that the vertical propagation velocity will be higher in large-

particle beds and will become smaller as the particle size is reduced.

Graphs of floor pressure and phase-delayed photographs of the gap closure show that the horizontal

rate at which the gap closes toward the center (the horizontal propagation velocity of the com-

paction wave) is not constant in a bed of 177-pm particles. When K=4, the peak in the floor

pressure at the wall position (6 mm from the wall) is at 239°; at the position half-way between the

wall and center, the peak is at 298°; and at the center, the peak occurs at 325.S° The horizontal rate

of gap closure therefore appears to speed up as it approaches the center of the bed.

The compaction wave can easily be detected when the film is viewed at 25 fps, because of the

motion of the wave through the frame of view. However, it is difficult to detect the position of the

wave front when viewing single (stationary) frames of the film. This problem can possibly be

overcome by digitally enhancing the individual frames of the film to make the wave front clearer.

This will permit accurate determination of the propagation velocities of the compaction wave.

However, such techniques are beyond the scope of this study, and further analysis will not be at-

tempted here.
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It is worth noting that previous investigators [Gray and Rhodes,l972; Gutman,l974; Buevich and

Galontsev,l978] have postulated the existence of a compaction wave, but the present investigation

is the first instance in the published vibrated-bed research that the compaction wave has been di-

rectly observed. The wave has previously been assumed to propagate directly upward through the

bed. This investigation clearly shows that the wave propagates diagonally across the bed for small

particles. Gutman [1974] has argued that the compaction wave might be reflected off the top surface

of the bed as a tensile (expansion) wave that would be dampened by inter-particle friction to vir-

tually nil by the time it reaches the bottom of the bed. Careful and repeated examination of the film

shows no evidence that the compaction wave is reflected back downward — at least in small-particle

beds. With larger particles, the oscilloscope trace of the accelerometer output indicates the bed-

vessel collision might not be instantaneously dampened since "spikes' are seen several degrees after

the instant of collision. In large·particle beds, it is possible that the collision process results in the

rebound of successive colliding layers of particles.

5.2.2 Correlation of Floor Pressures with the Vertical Bed Motion

The variation of floor gauge-pressures beneath a 3-cm deep vibrated bed at the three horizontal

locations described in Chapters 3 and 4, is shown for values of the vibrational intensity parameter

K of 2 and 4 Figure 33 on page 148 for 707~;4m Master Beads, in Figure 34 on page 149 for

177-pm Master Beads, and in Figure 35 on page 150 for 88-pm Master Beads. These three par-

ticle sizes represent three broad ranges of particle sizes — fine, small (or medium), and large which

exhibit different characteristic floor-pressure variations. A complete set of data of floor-pressure

variations beneath vibrated beds of Master Beads, at K-values ranging from 2 to 5, and in some

cases for bed depths greater than 3 cm is given in appendix D. Data on floor-pressure variations

beneath vibrated beds of glass beads of both high and low densities are given in appendix E.
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Basic Sequence of Events in a Vibrational Cycle

The simplilied correlation between floor—pressure variations a.r1d gap formation or bed trajectory

that is common in the vibrated-bed literature, is immediately obvious from the graphs of floor-

pressure variation.

1. As accelerations of the bed and vessel differ after the vessel acceleration drops below -lg, the

bed attempts to separate from the vessel floor, causing the pressure beneath the bed to fall

below atmospheric. The negative vertical pressure gradient produces a downward flow of gas

that tends to retard the upward lift of the bed due to viscous drag. Eventually a point is reached

when the net force on the bed equals zero — the null force point predicted by equation [5.4]

— and the bed, if modeled as a coherent mass, separates from the vessel floor.

2. The gap grows in size causing the floor pressure to further decrease. The down-flowing gas

retards the growth of the gap. In a small-particle bed, which is less permeable to gas flow, the

drag force will be larger, so the retardation of gap growth will be greater than in a large-particle

bed.

3. Eventually the gap reaches a maximum thickness, at which time the gauge-pressure beneath

the bed is most negative. As the bed starts to fall back toward the vessel base, the pressure

beneath the bed starts to increase, but remains below atmospheric. The down-flowing gas ac-

celerates the bed toward the vessel floor.

4. The floor pressure rises above atmospheric, causing the expulsion of air from the gap. The bed

collides with the vessel floor causing a sharp peak in the floor pressure, after which the pressure

decays toward atmospheric pressure.
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5.2.3 Magnitude of the Floor-Pressure Fluctuations

Dependence on Particle Size

Both Kroll and Gutman models predict that the magnitude of the pressure fluctuations will be

greater for small-particle beds which have the greatest resistance to gas flows. The maximum and

minimum floor gauge—pressures measured at the center position in beds of Master Beads are sum-

marized in Figure 36 on page 153 and Figure 37 on page 154, respectively, as a function ofparticle

size for values of K ranging from 2 to 5.

The largest pressure fluctuations are in beds of 88-pm particles where no gaps are observed. Thus,

pressure fluctuations must be a result of the difference in accelerations between the bed and vessel,

after the vessel acceleration has dropped below —l g, and the bed continues to accelerate at ·lg. This

can perhaps be visualized best by considering the gas present at the bottom of the bed before lift-off

(the gas in the interstitial spaces) as a 'spring” which connects the bed to the vessel Hoor. As the

vessel acceleration falls below -1g, it attempts to drag down the bed with it. The force caused by

these unequal accelerations manifests itself as a negative gauge—pressure in the air beneath the bed.

Gas that rushes down across the bed relieves the negative gauge-pressure beneath the bed. More

extreme pressure fluctuations would be expected in less permeable beds and where compressibility

effects are important.

The Effect of Bed Depth and Solid Density

Equation [5.15] shows that the pressures predicted by the Kroll model are linearly dependent on the

bed depth. The compressible~gas model also predicts a linear relationship between bed depth and

peak floor pressures for shallow beds, where it is identical to the Kroll model. For deeper beds (for

example, deeper than 60 mm at 30 Hz and K=2.5 and a particle diameter of 200 pm), the
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Gutma.n model predicts that the peak positive pressure grows at less than a linear rate with bed

depth, and reaches a limiting value for very deep beds.

The negative and positive peak floor gauge—pressures measured at the center of beds of 177~pm and

125-pm Master Beads with depths of 30 to 60 mm are given in Figure 38 on page 156, and

Figure 39 on page l57respectively. The results indicate a linear increase of both negative and pos-

itive peak pressures with bed depth over the range examined even at K= 4.

The effect of bed density on the peak floor pressures is studied using low~density glass beads

(p, = 2500 kg/mil) and high·density glass beads (p, = 4490 kg/m3) in 30-mm deep beds. The results

are shown in Figure 40 on page 158 for the peak positive floor pressure, and in Figure 41 on page

159 for the peak negative floor pressure, for particle sizes of 707, 177, and 88 pm. The peak positive

pressures appear to show a logarithmic dependence on K (shown by the lines in the graph), whereas

the peak negative pressures show a strong linear dependence on K. lt is not immediately obvious

from equation [5.15] describing the Kroll model why this should be so.

There is little effect of solid density or vibrational intensity on the positive or negative peaks for

707-pm particles. This is because the drag per unit mass in such beds is small; but it also implies

that the drag per unit mass is greater for 1ow·density beads than it is for high-density beads. lf very

light particles (a light plastic for example) were used, the effect of solid density would be more no-

ticeable with this particle size.

With smaller particle sizes, the K-dependence is stronger. As expected, peak pressures are greater

in magnitude for a smaller particle size because of the greater resistance to gas flow. However, both

positive and negative peak pressures are more dependent on solid density than on particle size. The

ratio of particle sizes is 2 (177 ;im/88 pm), but the ratio of densities of the two types of glass is 1.8.

Both the negative and positive peak pressures are larger in rnagnitude for l77·;,m1 high-density glass

beads than for 88-am low-density beads. This is not an intuitive result, considering the strong de-
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pendence of drag forces on particle size — the bed permeability is a function of the square ofparticle

diameter.

The effect of the gas flow on the bed may be quantified by considering the ratio of the maximum

drag force acting on the bed to the total bed weight. Assuming that the pressure drop is due to the

drag force (that is, the flow of gas in the bed is laminar), the drag force per unit bed weight is given

by [(P,_ — P,)/p,Lg]. This is identical to the group KA<l>,_ in equation [5.15]. Values of this ratio

using measured values of peak positive pressures with K=2.5 and 4 for 707-um particlcs, and

K= 2.5 and 5 for 177-pm particles, together with values of the ratio predicted by the Kroll model

are given in Table 6 on page 161.

With 707-um particles, the Kroll model predicts that the maximum drag force per unit bed weight

should be lowest for high-density glass beads and highest for low-density glass beads, with an

interrnediate value for Master Beads. This trend is observed with measured values of the ratio both

at K= 2.5 and 4, although some deviation from predicted values is observed. Actual values deviate

from predicted values by 10 — 20%. For 707-um Master Beads at K= 2.5, the deviation is 30%.
L

It is not clear why the error is so large in this case, particularly in view of the small error (1.5%)

for this solid at K= 4. lt is possible that due to noise on the accelerometer output close to the signal

peaks at K= 2.5, the vessel acceleration was incorrectly set during the experiment.

Predictions of the Kroll model indicate (as shown in Table 6) that the drag force per unit bed

weight for small particle sizes is not greatly influenced by solid density. This is also observed with

measured values of the ratio at K= 2.5. However, at K= 5, the measured ratlos are higher for both

types of glass beads than for Master Beads as well as the predictions of the Kroll model for each

solid. A smaller expansion of glass-particle beds would explain this result. A bed porosity of 0.41

is used in solving the Kroll model at K= 5 for all solids. lf the expansion of glass-particle beds is

limited at higher accelerations, the resulting lower permeability to gas flows compared to beds of

equivalently sized Master Beads will result in higher pressure drops and consequently, larger drag

forces per unit bed weight for glass beads.
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Table 8. Maximum drag force per unit bed weight calculated from measured pressure: compared
to the predlctlon of the Kroll model

Particle }Iigh Density Low Density
Size K Glass Beads Glass Beads Master Beads

(microns)

¤¢t¤¤* K·‘¤“

2.5 0.40 0.50 0.78 0.84 0.42 0.60
70 7

4 0.63 0.55 1.28 1.01 0.64 0.65

2.5 3.02 2.80 2.48 2.83 2.21 2.77
17 7

¤
6.12 5.00 7.30 5.59 5.07 5.22
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Despite the higher values of this ratio for 177-um glass—particle beds at K= 5, the particle-circulation

velocities are lower in these beds than in beds of equivalently sized Master Beads (see section

5.4.2.1). This clearly suggests the presence of inter-particle forces (most probably electrostatic)

which prevent glass particles from readily moving apart from, or relative to one another. As a result,

a lower degree of bed expansion than would be expected in the absence of such forces is also ob-

served.

5.2.4 Horizontal Scale-Effects on the Cyclic Floor Pressures

Graphs of floor pressures show a feature which has not been published in the vibrated-bed literature

by previous investigators - the differences in pressure fluctuations at the three horizontal locations

along the bottom of tl1e bed. As seen by comparing Figure 33 on page 148 with Figure 34 on page

149, the horizontal pressure differences are much greater in f1ne—particle beds than in large-particle

beds.

In small-particle beds, as pressures in the bed fall below zero (the bed is attempting to separate from

the vessel floor), the floor pressure at the wall does not fall as much as the floor pressure at the

center. Small-particle beds tend to bunker, and it should be noted that floor pressures obtained in

this study for small particles, are for beds that are highest in the center and lowest at the side walls.

Since the magnitude of pressure fluctuations are dcpendent on the bed depth, smaller negative

fluctuations at the walls would be expected.

For a bed of 88-pm Master Beads at K=4, the depth of the bed at the side walls is measured to

be 1.7 cm, and at the center is 4.3 cm. From Figure 35 on page 150, the most negative pressure

at the wall is about -1.25 kPa, and at the center is -2.2 kPa. Therefore, the vertical pressure drop

(and consequently the drag force) per unit bed depth is larger at the wall than it is at the center, even

though the overall vertical pressure drop is larger at the center. This result can be explained by
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considering the horizontal flows of gas in the bed. Since the pressure at the wall is higher (less

negative) than at the center, gas will flow from the walls toward the center. As a result gas reaches

the center of the floor from three different directions: directly down from the top, and from each

side wall. By contrast, gas reaches the bottom of the bed at the wall only from the top of the bed.

Thus the quantity of gas flowing down the bed at the walls per unit time is larger than at the center,

and results in larger drag forces per unit bed height at the walls

As gauge-pressures below the bed rise above zero, the direction of the horizontal pressure gradient

is maintained, so that gas continues to flow from the wall toward the center. Because of the higher

drag force per unit bed height at the wall, this sectionof bed does not lift off the vessel floor as high

as the rest of the bed. This causes the section of bed close to the walls to collide with the floor be-

fore other regions of the bed as seen in Figure 30 on page 143. The graphs of the floor pressures

show a positive peak at each of the horizontal locations. Each peak corresponds closely to the in-

stant at which the bed collides with the vessel floor at the location of that pressure sampling port.

As stated previously, the graphs of floor pressures (particularly for smaller particles) show that the

gap closes first at the wall and last at the center as observed in the phase-delayed photographs in

Figure 30 on page 143. With the largest particle size (707 pm), the phase difference between the

three peaks is small, and this also agrees with the phase-delayed photographs of gap closure in such

beds shown in Figure 29 on page 142.

As can be seen from the graphs of floor pressures, particularly Figure 35 on page 150, the direction

of the horizontal pressure gradient in the bed reverses as the gap closes, so that when the gap is

completely closed, gas flows horizontally from the center toward the wall. The sequence in which

the general shape of the horizontal pressure gradient at the bottom of the bed changes through the

vibrational cycle is represented in Figure 42 on page 164. By consideration of continuity at the wall

(there is no flux of gas into or out of the side walls), one can write:

im = 0 [$.40]
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where P, is the horizontal component of the pressure at any horizontal location x within the bed.

Because of the syrnmetry of the bed, there is no flux of gas across the center-line of the bed.

Therefore:

öP
Ü Item = 0 [5.41]

The shapes of pressure gradients shown in Figure 42 on page 164 are approximated from relative

values of the floor pressures for 88·pm Master Beads at K=4, and the values of the horizontal

pressure gradient at the wall and center given by the two equations above.

The gradients indicate that as the gap is closing, the horizontal pressure gradient behind the com·

paction wave reverses so that the gas flows backward toward the wall in the section of the bed be-

hind the compaction wave. In front of the compaction wave, the horizontal pressure gradient still

slopes down toward the center. Gas therefore flows in opposite horizontal directions from each side

of the compaction wave. It will be shown later in this discussion by comparing the observed phase _

angle of the bed-vessel collision with the phase angle of the floor-pressure peaks, that the peaks

possibly lag the collision by a few degrees. In that case, the moving maximum in the horizontal

pressure gradient might not be located at the compaction wave front as shown in Figure 42 on page

164, but instead lags slightly behind the compaction wave.

While the compaction wave is in-between the wall and the center, the gas at the center can only

flow directly upwards down the vertical pressure gradient. The net result of the sequence of events

described above is that the small-particle bunkered vibrated bed acts as a sort of 'gas circulation

pump", drawing in gas at the walls and expelling it upwards at the center.

Once the whole bed is in contact with the vessel floor and compacted, gas now flows down the

horizontal pressure gradient toward the wall of the vessel. As a result, the pressure at the wall decays

more slowly than predicted by theory, whereas the rate of pressure decay at the center after the

bed-vessel collision is faster and closer to theoretical predictions.
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5.2.5 Time-Averaged Pressure Beneath the Vibrated Bed

As discussed in Chapter 2, the vibrated-bed literature contains widely varying values of the average

pressure beneath the bed even with shallow vibrated beds. Two techniques have been used to obtain

average pressures. A remotely mounted sluggish manometer gives average pressures that are very

negative [Ch1enov and Mi1<hai1ov,l972]. Values as low as -6000 Pa have been quoted for a 30-mm

deep bed. This is close to the maximum pressures obtained beneath 30-mm beds in this study. A

time-averaged pressure has been obtained by electrically integrating the output of a fast-response
i

pressure transducer [Gutman,l974|. This method gives average floor pressures that are slightly

above atrnospheric, and only about 3-4% of the maximum floor pressures obtained by Gutman.

Both the Kroll and Gutman models predict that the time-averaged floor pressure over one

vibrational cycle should be equal to zero, since there is no net accumulation of gas beneath the bed,

and the bed does not expand.

In this study, floor pressures are obtained by fast·response pressure transducers mounted close to

the floor of the vessel with little or no phase~1ag errors (see §3.3.2 in Chapter 3). Outputs of the

transducers are digitized and collected over two cycles. A reading in one cycle is averaged with the

correspondir1g reading at the same phase angle in the second cycle (ensemble averaging) to reduce

errors due to the random noise in the measuring system. Cubic spline interpolation is used to fit

the data. This defines a cubic spline interpolating function <I>Q”(0) which exactly fits all collected data

points. The average pressure is calculated from:

2«
6, dä [5.42]

0

Average floor pressures at the wall and at the center obtained by this method are given in

Figure 43 on page 168 and Figure 44 on page 169 respectively. It should be noted that if the
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pressure transducers are assumed to be accurate to 1'% FSO (Full Scale Output) due to drifts in the

power supply, measured pressures will have an error of about zb 70 Pa.

lt is observed that average floor pressures are close to zero, but slightly negative for large-particle

bed (dp > 500 pm) , whether at the wall or at the center. This result is close to that predicted by

theory. On the other hand, average floor pressures at the wall and center increasingly deviate from

zero as the particle size is reduced. As indicated in Figure 44 on page 169, average floor pressures

at the center become increasingly positive with decreasing particle size until a maximum is reached

with 125-um Master Beads, after which it falls as the particle size is reduced to 88 pm. At the wall,

average floor pressures become increasingly negative with decreasing particle size, until a minimum

is reached at a particle size of 177 pm (Figure 43 on page 168). Below this size, the average floor

pressure at the wall increases.

Reasons for these trends and the apparent deviation from theory for small-particle beds may be

explained in light of the horizontal scale-effects on the floor pressure, discussed in the previous

section. In large-particle beds, there is little or no horizontal variation in floor pressures. Pressure

gradients in such beds are mainly restricted to the vertical dimension as required by existing one-

dimensional theories. As a result, average floor pressures at all horizontal locations remain close to

zero. As the particle size is reduced to 177 pm, horizontal pressure differences become more no-

ticeable. When the floor pressures are all negative, there is only a small difference between the floor

pressure at the wall and at the center when compared to horizontal differences later in the cycle,

when the floor pressures become positive. The gap at the wall closes first, causing the floor pressure

at the wall to reach only a small peak, after which it decays to zero. The pressure at the center goes

through a large positive peak. The pressure at the center does not decay to zero by the start of the

next cycle, and is drawn down to zero only by the relative accelerations of the bed and vessel in the

next cycle. Thus, the floor pressure at the wall is negative for a longer period of time and to a greater

magnitude than it is positive, whereas the floor pressure at the center remains positive for a longer

period of time and at a greater magnitude than it is negative. Indeed, by comparing the trend in

average floor pressures at the center (Figure 44 on page 169) with maximum floor pressures be-
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neath the bed (Figure 36 on page 153), it can be seen that the average of the Hoor pressure at the

center is largely dominated by its maximum values. Comparing the trend in average floor pressures

at the wall (Figure 43 on page 168) to the minimum floor pressure (Figure 37 on page 154)

shows — although not as obviously as the sirnilarity in trends between the center Hoor pressure and

peak positive pressures — that the average wall floor pressure is dominated by the minimum floor

pressure.

Continuity of mass (of the gas within the bed) is not violated because the gas does not move only

in the vertical direction as predicted by the one-dirnensional theories, but also in the horizontal di-

rections as explained in the previous section.

It is not always correct to predict the net direction of gas Hows using average floor pressures below

the bed, as has been done previously in the vibrated bed literature (for example the explanation for

bed bunkering by Gutman [1974]). Based on average floor pressures, the net flow of gas should

be downward at the wall and upward at the center — which is correct. However, the average dif-

ference in horizontal pressures would predict that the horizontal flow of gas should be from the

center to the wall, which is obviously not correct if the directions of How in the vertical direction

are correct.

5.2.6 Comparison of Results with Theory

A theoretical evaluation of the dimensionless group
I‘,

in Section 5.1.3.1, shows that the effect of

gas compressibility can be neglected at a vibrational frequency of 25 Hz for particle sizes of

125 pm and larger if the bed depth is 30 mm.
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5.2.6.1 Calculation of Gap Sizesß·om Measured Floor Pressures

The measured (dimensionless) floor pressures can be accurately described by a cubic spline function

<i>§l(9), as described in Section 5.2.5. Using this function, the gap size predicted by the

compressible·gas (Gutman) model can be calculated by using the equation of motion of the bed

during the flight period — equation [5.2]. This equation is valid even if gas-compressibility effects

are important, since it explicitly contains the floor pressure which is dependent on the

compressibility. It is identical to equation [5.31], which is the lower boundary equation during the

flight period for Gutman’s model. Writing equation [5.2] in dimensionless form, and substituting

for the floor pressure <I>,_ with the cubic spline function describing the measured floor pressures

gives:

a'2S _ (1) L -- A<I>L (0) - K + Smm [5.41]

This equation allows the gap-size to be predicted without having to solve the Gutman model, but

including the effect of compressibility. lt can be considered as a semi-empirical solution to the bed

trajectory equation, since it uses experimentally measured pressures.

The insta.nt of lift·off can be obtained by solving equation [5.4] iteratively using the cubic spline

interpolating function for the pressure. Then equation [5.43], which is an initial-value ordinary

differential equation, is solved using a fifth-order Runge-Kutta variable·step method. The numer·

ical method continues to solve the equation of motion until the dimensionless gap size S, becomes

negative. The instant at which the gap closes (S = 0), is determined iteratively from the solution of

the differential equation. Using the floor pressures measured at the location half-way between the

center and wall of the bed, gap sizes have been calculated for beds of Master Beads with particle

sizes of 707, 177, and 88 pm.

The calculated gap sizes for K=2, 3, and 4 are shown in Figure 45 on page 173 for 707-am

Master Beads. At K= 4, the gap is predicted to persist into the next cycle, but actually closes prior
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to the instant of lift·olf, so that the throw of the bed is still stable. The gap sizes decrease with de-

creasing K. A bed porosity of 0.4 and bed depth of 30 mm is used in the calculation of gap sizes.

Changing the bed porosity to 0.43 has little effect on the solutions.

Gap sizes calculated by the semi·empirical method for 177-pm Master Beads are shown in

Figure 46 on page 174 at values of K from 2 to 5. For this particle size, the bed-floor collision is

within one cycle even at K= 5. The maximum gap sizes are also much smaller than for 707-pm

particles. The bed porosity and bed depth used for this particle size are the same as used for the

707-um particles. However, for this particle size, the assumption of a bed depth of 30 mm will be

in greater error because of the bunkering of the bed.

With a particle size of 88 pm, gap sizes obtained from the rneasured pressures are even smaller as

shown in Figure 47 on page 175. Values of the vibrational intensity parameter K corresponding to

the curves are 2, 2.5, 3, and 4. With this particle size, the bed porosity is more critical. The dashed

line in Figure 47 shows the effect of using a bed porosity of 0.43 (assuming identical floor pres-

sures), as opposed to the bed porosity of 0.40 used to calculate the trajectories shown as solid lines.

The effect of increasing porosity is to decrease the gap size rather than increase it as might be ex-

pected. This is because the only dimensionless group that is used to calculate bed trajectories is A,

which contains the bed density. The bed density pb can be written as p,(l — 6), where p, is the

density of the solid. lf the bed density is recluced, the drag per unit bed mass increases, so that the

bed will be retarded while it is moving away from the bed. This will result in a smaller gap size for

a lighter bed. If a fully analytical solution of the bed trajectory was considered, decreasing the

porosity would have the effect of increasing the drag on the bed, resulting in larger calculated floor

pressures, and consequently, smaller gap sizes. However, with the semi·empi1ical solution used

here, the floor pressures are fixed and altering the value of the porosity only has the effect ofmaking

the bed lighter.
‘
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Figure 47. Gap slzes below beds of 88-pm Master Beads: Thickness of the air gap below a
30-mm deep bed of 88-um Master Beads, calculated from measured floor pressures
by the semi·empiricaI method, for K -2, 2.5, 3, and 4. The dashed line shows the effect
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Bed Dynamics - Results and Discussion 175



5.2.6.2 Comparison of Results with the Kroll lvlodel

The analysis of compressibility effects in 30-mm deep beds in Section 5.1.3.1 shows that even if the

vertical pressure gradient deviates from linearity for 125- and 88-pm particles, the deviations are

small. The Kroll (ir1compressible·gas) model is easier to solve than the Gutman (compressible-gas)

model, and it would be preferable to use the assumption of incompressibility for extensions of

current models to include bed expansion and three-dirnensional effects. To check on the validity

of this assumption, the predictions of the Kroll model are compared with experimentally measured

pressures at the center of the bed with K= 4 for Master Beads with particle sizes of 707, 177, and °
i

88 nm in Figure 48 on page 177, Figure 49 on page 178, and Figure 50 on page 179 respectively.

Results of the Kroll model are shown as dashed curves and measured pressures are shown as solid
l

curves in the figures. Gap sizes, obtained by the semi—empirical method from measured pressures

as outlined in the previous section, are also compared with those obtained from the Kroll model

for each particle size in the figures.

707-pm Master Beads

The floor~pressure graphs are not all drawn to the same scale. Keeping this in mind, it is observed

as expected, that the deviation of experimentally measured floor pressures from the Kroll model is

smallest for 707-um particles. The location of the positive peak is earlier for measured values than

for the theoretical curve. This could possibly be due to an inaccuracy in measuring the vessel ac-

celeration in the experiment. lt is difficult to set the vessel acceleration accurately when using large

particles because of the 'spikes' that are present on the output of the accelerometer as discussed in

Chapter 3 (§3.3.1.l).

Despite dlscrepancies in the locations of the peaks, the gap size predicted by the Kroll model is

virtually identical to that obtained by the semi-empirical method. The reason for this is clear if

relative magnitudes of the variables in equation [5.43] for the gap size are examined. Ln the
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707-,um particle bed, magnitudes of the floor pressure (drag force) are small (A<I>L :4 0.004 at the

positive peak) in comparison with 1/K (=0.25) and sin T (5 1.0). The trajectory for the single-

particle model can be obtained by solving equation [5.43] with <1>,_ = 0 (no drag force). This trajec-

tory is shown as a dotted line in Figure 48 on page 177, and can be seen to deviate from the other

trajectoiies. Thus the effect of drag force is small but not negligible in 707-pm particle beds even if

they are shallow.

177-pm Master Beads

With 177-am particles, absolute discrepancies between measured floor pressures at the center and

the predictions of the Kroll model are larger as shown in Figure 49 on page 178. Since the bed is

bunkered, and the bed depth is no longer constant through the entire bed, the solution of the Kroll

model for bed depths of 30 mm (the dashed curve) 40 mm (the dotted curve) are shown. The Kroll

model using a 30-rnm deep bed predicts pressures that are reasonably close — relative to the peak

values — to measured pressures. The main difference appears to be in the location of the positive

peak, which is later for the experirnentally measured pressures. This is possibly because the gap does

not close uniformly in this bed. Magnitudes of the negative and positive peaks predicted by the

Kroll model are comparable to measured values; but the pressure does not decay instantaneously

after the collision, indicating that compressibility effects in this bed are only important in deter-

mining this feature of the floor-pressure fluctuation.

The gap sizes obtained by the Kroll and semi-empirical method are different. As with the fully an-

alytical solution of the Gutman model, gap sizes predicted by the semi·empirica1 method are larger

than those obtained by the Kroll model. Since the pressures predicted by the Kroll model are

reasonably close to measured values, differences in gap sizes obtained by the two methods imply

that the gas compressibility has the greatest effect in predicting the bed trajectory. However, this

argument supposes that the bed porosity rernains constant. lf the bed porosity were to increase

during the flight period, the Kroll model would tend to predict larger gap sizes.
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88-pm Master Beads

Floor pressures measured at the center of the 30-mm deep bed are compared with predictions of

the Kroll model for beds with depths of 30 and 40 mm in Figure 50 on page 179. Even for this

particle size, the deviation of the Kroll model with a bed depth of 30 mm from measured values

does not appear to be great relative to the magnitude of the pea.ks. The negative peak lies in-

between the curves obtained from the Kroll model for 30- and 40-mm deep beds. The effect of gas

compressibility again appears to be most important in determining the rate of decay of the floor

pressure after the positive peak.

The difference in gap size predicted by the two methods is even greater for this particle size. The

dotted curve shows the gap size obtained by the semi-empirical method using a porosity of 0.43

instead of 0.4 as used for the trajectory represented by the solid curve. This still deviates consider-

ably from the Kroll model. Since gas compressibility is far more important in this bed (l" = 0.807)

than in the other particle sizes discussed above, the difference in gap sizes would appear to be caused

by compressibility effects.

5.2.7 Discrepancies Between Predicted and Observed Bed Trajectories

Phase angles for lift-off and collision obtained from the semi-empixical method using experimentally

measured floor pressures, are listed in Table 7 on page 182, and Table 8 on page 183 respectively

for 707-, 177-, and 88-pm Master Beads at K= 2, 3, 4, and 5. The phase angles of lift·off are based

on pressures measured at the location half-way between the center and wall of the bed. All sections

of the bed separate from the vessel floor at approximately the same instant, but as discussed previ-

ously, the bed collides with the floor first at the side walls and last at the center. The phase angles

of collision given ir1 Table 8 therefore represent "average' values for the bed.
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Table 7. Phase angles of Ilft-off calculated from measured floor pressures using the semi-
empirlcal method.

Particle Size Vibrational Intensity Parameter,K
(microns)

2 3 4 5

707 31.2 20.2 14.3 (a.)

177 31.4 20.5 15.1 12.1

88 30.7 19.8 14.3 (b)

Krollrnodel 30.0 19.5 14.5 11.5

(a) ~ unstable bed throw

(b) · center·high configuration is too unstable for accurate measurement
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Table 8. Phase angles of colllslon calculated from measured floor pressures using the semi-
empirlcal method.

Particle Size Vibrational Intensity Parameter,K
(microns)

2 3 4 5

707 284.5 340.3 14.1 (a)

177 247.4 295.6 313.5 337.6

88 245.3 285.2 305.9 (b)

(a) - unstable bed throw
I

(b) - center-high configuration is too unstable for accurate measurcment
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Bed Lift-Off

The phase angle of lift-off is obtained by solving equation [5.4] in its dimensionless form iteratively,

and using the cubic spline interpolating function for measured pressures. Phase angles of lift-off

calculated by this semi-empirical method are close to those predicted by the Kroll or single-particle

model given by sin"(1/K), as shown in Table 7 on page 182. At the instant of lift-off, floor

gauge~pressures are usually close to zero. Therefore, the magnitude of the term A<l>,_ is small in

comparison with other factors in the equation. This implies that drag forces have little effect on the

predicted instant of lift-off. Some of the phase angles of lift-off obtained by Gutman [1974,1976a]

from theory, occur later in the cycle than obtained by the semi-empirical method (see Figure 26

on page 131). However, Akiyama and Naito [1987] have suggested that these values may be in error,

caused probably by inaccuracies in Gutman’s solution technique.

A comparison of calculated phase-angles of lift-off with observed phase-angles (given in Table 5

on page 138) indicates large discrepancies in all cases. The largest discrepancy is with 88-,um parti- '

cles, which can never be observed to lift off the vessel floor, although calculated gap sizes indicate

the presence of a gap, albeit a small one, even at K= 2. Even with a bed of 707-um Master Beads

with K=4, the observed lift-off is either 38° or 22° later than the calculated value, depending on

how the phase-angle of lift-off is measured (see §5.2.l.1) There are three possible causes for these

discrepancies, and these are discussed below.

I. Error in Determinirtg the Bed Lüt-Oj]}As the bed lifts off the vessel floor, the bottom of the bed

is not perfectly flat. For light to pass under the bed from one wall of the vessel to the other, the

space below the bed must be free of particles. If the gap does not form uniformly, but instead some

paxticles lift off sooner than others, the bed will have to lift to some height, probably O.5d,,, before

a gap can be seen. This cause of phase-lag in the observed lift-off will be more noticeable in large-

particle beds since the bottom of such beds will be more irregular, and the height to which they

will have to lift to form a visible gap much greater.
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2. Delays Caused by Wall Friction: The friction at the wall might tend to hold down particles ad-

jacent to the front and rear walls, delaying their lift-off. In this case, the center of the bed (the sec-

tion rnidway between the front and back walls) will lift off first. However, as long as particles at the

wall are held down to the floor, no gap can be seen. lt will be shown later that fictional forces might

be of significance in large-particle beds (2 500 pm) .

3. Expansion of the Bed During LM-Oß'} As accelerations of the bed and vessel differ, pressures

below the bed drop below atmospheric, thus drawing gas into the bed. An expansion of the bed

during the process of lift·off could delay the separation of the bed and vessel, since the volume of

gas is drawn into the bed during the time of bed expansion would not appear below the bed, but

instead would fill up the growing voids within the bed. This means that the solution to equation

[5.4] predicts not the instant of lift-off, but the instant at which the net forces on the bed equal zero

— a null-force point. No gap will be seen at the bottom of the bed as long as the rate at which the

void volume in the bed increases is greater than or equal to the rate at which gas is flowing into the

bed. The increase in bed porosity can be calculated from the gap size, if it is assumed that the rate

at which the bed porosity increases is equal to the rate of gas flow into the bed. In that case, the

increase in bed height at any instant will equal the predicted increase in gap size (assuming a fixed

cross-sectional area for the bed).

When the vibrational intensity parameter K= 4, the increase in porosity ofa bed of 707-um particles

that would result in a 22° phase lag in the bed·vessel separation is calculated (by equating the pre-

dicted gap size at 36° from Figure 45 on page 173 to the increase in bed height) to be approximately

0.06%, assuming a bed porosity of 0.41 at 1ift·oil” and a bed depth of 30 mm. Even a phase lag of

38° between the observed and measured lift-off, which would place the observed lift—oEf at 52°,

would only require a porosity increase of 0.33%. With 177-am Master Beads, a porosity increase

of about 1.9% would be required after the instant of null force on the bed to result in bed-vessel

separation at 93° as observed in Table 5 on page 138. For 88-pm particles, a porosity increase of

about 5% at K= 4 would result in the bed never lifting off the vessel floor during the cycle.
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A compaction of the bed is observed during the bed-vessel collision process, which obviously im-

plies that the bed must expand at some point in the cycle. Observation of the high-speed movie film

does not clearly indicate a transition from a compacted bed to a looser bed. This might be because

the expansion of the bed is more gradual than the compaction process. Porosity variations within

a cycle have also been reported by Gutman [1974] and Rippie er al. [1978]. Both studies used a

capacitance method to estimate the bed porosity, based on the principle that the dielectric constant

of the bed depends on its porosity. Results from both studies contain some degree of error due to

inadequate calibration of the method. However, their results do indicate an increase in bed porosity

associated with "1ift·off“". _

Porosity increases can occur for a number of reasons. All regions in the bed might not be experi-

encing the same extent of drag as the gas starts to flow down into the bed. It will be shown later

(section 5.3) that there is considerable expansion of the top layers of small-particle beds because

of a lesser drag on these layers than on the rest of the bed. Also, since particles move relative to each

other both horizontally and vertically, adjacent layers of particles within the bed are sheared relative
O

to each other. This will result in the particles moving apart, since that is the only way in which they

can move over one·another if the bed is initially in a close·packed state — the Bagnold effect

[Bag¤old,1954|.

Bed-Vessel Collision

There are discrepancies between phase angles of collision calculated from measured floor pressures,

and those obtained by direct observation of the gap using phase·delayed strobed back·lighting of

the bed. Comparing Table 5 on page 138 with Table 8 on page 183 shows that the observed in-

stant of collision always occurs earlier in the vibrational cycle than the calculated value, usually by

about 20° These phase lags could be due to the one or more of the following reasons:

1. There could be dilliculty in detecting gaps by the experimental method used, when gap sizes

are smaller than the particle diameter, as discussed earlier. However, it is much easier to detect
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the instant of collision than the instant of lift-off since it is sudden. Also, the lower bed surface

is much flatter as the bed approaches the floor. Therefore, the lag due to this cause of error

would probably be much smaller than that for the lift-off.

2. The bed density used in the calculation of the gap size from measured floor pressures is far

more critical in deterrnining the phase angle of collision than for the phase angle of separation.

As shown in Figure 47 on page 175, an increase in bed porosity from 0.4 to 0.43 (this reduces

the bed density if the same bed height is assumed) can result in phase angles of collision that

are further apart than the 20°·difference between measured and observed phase angles.

3. If the bed compacts after it makes contact with the vessel floor due to the compaction wave

that passes through it, the pressure of the gas within it will continue to increase. This will cause

the peak in the measured floor pressure to occur later than the instant at which the bed and

floor make contact. Since calculated gap sizes are based on measured pressures, this would re-

sult in a calculated phase angle of collision that would be later than the instant at which the

gap below the bed is observed to close. The effect of changes in the bed density at the instant

of collision are more difficult to analyze than at lift·off, since all horizontal sections of the bed

do not collide with the floor at the same instant, so that additional horizontal scale-effects are

also present.

Because of the difficulty in determining the bed porosity and hence the bed density accurately, it is

impossible to tell which of the reasons listed above is the most probable cause of the discrepancies

observed.

5.2.8 The Behavior of Fine-Particle (A-C) Beds

Fine particles that may be classified as group A-C by the Geldart classification [Geldart,l973] ex-

hibit a behavior that is different from other particle types. In this study, such powders include FCC
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powder and the fine aluminurn powder with a size range of 40- 105 pm. Beds of A-C powders with

a depth greater than 20 mm, vibrated at 25 Hz, do not draw in gas and expel it at the same fre-

quency as the applied vibration as do other beds. Instead, the bed draws in gas over several cycles,

the bed remaining in a mobile state throughout that period. The bed continues to expand, until

suddenly the air is expelled from the bed within one cycle. This cyclic phenomenon, which occurs

with a period of approximately one second, has never been reported previously in the vibrated bed

literature. It may be terrned "breathing', since at 25 Hz, it occurs on a slightly shorter time scale

than human breathing. Also, by continuously expanding and contracting on such a time scale, the

bed has the appearance of a lung. The time scale irnplies that air is being drawn in over 23 or 24

cycles of vibration, and expelled in one or two cycles. Once the air is expelled, the bed remains

irnmobile (no particle circulation) for a brief period of time until more air is drawn into the bed.

While the major portion of the bed is "breathing” in this manner, the top few Iayers of the bed

behave as a non-breathing vibrated bed. These Iayers lift off the rest of the bed during the flight

period. A gap forms between these Iayers and the lower part of the bed. The Iayers undergo a very

large degree of expansion while in flight (see also the later sections on the expanded zones ir1 the

bed and on vibrated bed "states"). Later in the vibrational cycle, the top Iayers collide with the lower

part of the bed and partially collapse onto it, until the next vibrational cycle. Phenomena in the top

few Iayers of the bed occur at the same frequency as the vibrational frequency, whereas in the lower

part of the bed, all phenomena occur with the same period as the ”breathing".

The phenomenon of "breathing' is only present with fine particles that are aeratable, namely the

Geldart group A or A-C powders. It is absent in group C (fine cohesive) powders, such as the

fine-ground white wheat flour and fine Teflon powder used in this study. At 25 Hz, it is absent in

very shallow beds of frne aeratable powders with depths of less than about 1 cm.

A qualitative explanation for the phenomenon of ”breathing” can be postulated in terms of the

compaction wave that passes through the bed during the bed-vessel collision process. Although

fine-particle beds do not lift off the vessel floor, the semi-empirical method of solving the force
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balance on the bed using floor pressures measured beneath such beds, shows that there is an instant

at which the net force on the bed equals zero. A f1ne·particle bed will, at this instant, become loose

and start to expand. The vertical pressure gradient draws air into the bed to fill up the voids. Finally,

the vessel accelerates upward and pushes on this expanded bed (equivalent to the collision of a bed

in flight with the vessel floor). Because of the horizontal scale-effects, the bed will be compacted

from the wall toward the center. As stated previously, the vertical propagation velocity of the

compaction wave will depend on the rate at which gas can be expelled from the bed. With an

aeratable powder, the gas cannot be expelled from the bed before the start of the next cycle. Thus,

the bed never completely compacts onto the vessel floor. At the start of the next cycle, more air is

drawn in, which cannot all be expelled by the end of that cycle and so on. The bed continues to

expand as air is drawn into it. Fina.lly, the amount of air in the bed reaches a critical amount at

which time, it is suddenly expelled from the bed.

It is not certain what determines this critical volume of gas. It is possible that the bed expands to

a point at which the gas can be completely expelled from the bed during one cycle. Altematively,

the quantity of air in the bed might reach the volume at which bubbling will occur in the aeratable

powder, Micro-bubbles are formed within the bed which rush out of the bed. The later mechanism

is supported by studies of bubbling gas-fluidized beds. For fine aeratable powders in a gas-fluidized,

bed there is a bed porosity associated with the initiation of bubbling, which is greater than the

minimum fluidization porosity. If the air velocity into the bed is increased further, the dense-phase

porosity actually decreases since most of the air within the bed passes into the form of bubbles

[Tung and Kwauk,l982]. These investigators have also found that if the air supply to such a bub-

bling bed suddenly tumed off, the escape of residual gas from the bed in the form of bubbles is very

rapid. This finding tends to support the argument that the gas might rush out of the ”breathing’

vibrated bed in the form of micro·bubbles. In the vibrated bed, the added forces created by the vi-

bration aid in forcing out the bubbles from the bed.

The behavior of the top-most layers is the same as the expanded zones found on the top surfaces

of all small-particle bunkered beds; this will be dealt with in the following section.
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5.3 The Expanded Zone

A phase-dependent feature of the vibrated bed which is examined herein is the presence of an ex-

panded zone on the top surface of the bed. The existence of such a zone has previously been pos-

tulated by Buevich and Galontsev [1978], who also suggest the existence of a expanded zone along

the bottom surface of the bed. A expanded zone has been observed in part of the vibrational cycle

in previous work connected with this study [Sprung et aI.,1986]. The existence of a region of in-

creased porosity can clearly be seen above a bed of 177-pm Master Beads as shown in Figure 51

on page 191, if the bed is front-lit by a stroboscopic light source, triggered by a phase-delayed pulse.

In this study, the mechanics of the expanded layer on the top surface are examined by observing a

bed of glass-beads that is directly illuminated from above by a strobe lamp triggered by a phase-

delayed pulse as described in Chapter 4 (§4.3.3) The refraction of light by the glass beads in the

expanded zone makes it appear as a brightly lit band above the bed. Top-lit phase-delayed photo-

graphs of the expanded zone allow its characteristics to be related to the cyclic pressure variations

within the bed.

The existence of an expanded zone along the bottom surface of the bed is checked by directing the

strobed light up through a transparent base of the vessel with the aid of a mirror as described in

Chapter 4. Particles with sizes from 707 to 88 pm of both high- and low-density glass are examined.

The vibrational intensity parameter K, is varied between 2 and 6 for all beds. However, no expanded

zone or region of increased porosity can be observed beneath the bed (but above the expanded

zone) under any conditions.

On the other hand, the expanded zone on the top of the bed can be clearly seen along the top

surface of the vibrated bed as shown in the phase-delayed photographs presented in Figure 52 on

page 193, of a top-lit bed of 177-pm high—density glass beads, vibrated at K= 4. The photographs

show that an expanded zone is present on top of the bed during most of the cycle, even as the bed
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lifts off the vessel floor. No expanded zone can be observed above or below a bed of either high-

or low-density glass beads with a particle size of 707 pm

The formation of the expanded or rarefied zone and its evolution through a vibrational cycle may

be explained by considering the flow of air through the bed during one cycle, which is driven by

pressure gradients within the bed. The variation of floor pressures for this bed is given in

Figure 53 on page 194.

As the acceleration of the vessel falls below ~lg, negative pressures develop at the floor, causing a

down—flow of gas through the bed, and producing a downward drag that retards the motion of the

bed which is upward relative to the vessel. This behavior of the top layers can be understood to

be the result of a lower drag force acting downward upon these layers in comparison with the drag

on the more compacted particles below. Earlier, the closure of the gap in the previous cycle caused

gas to escape from the bed, dilating the surface layers. This is confirmed by viewing the high·speed

film shot at 2500 frames per second of a bed of Master Beads of the same size. ln the film, the

expanded zone is seen to grow most rapidly as the bed collides with the floor. The film also shows

that the compaction wave that travels through the bed as described earlier does not penetrate the

expanded zone. In the film, particles are observed to move down the slope of the top surface within

the expanded zone. Partly because of the continued motion of particles within this layer (thus

producing a lateral shear), and partly due to the degree of expansion in the previous cycle, there is

insuflicient time for these layers to settle into the compacted condition before the acceleration re-

aches · lg in the current cycle. Experiencing less drag than the rest of the bed, the top layers are free

to move upward faster than the center of gravity of the bed.

Buevich and Galontsev [1978] have postulated that the expanded layer forms during the lift-off of

the bed, based on the argument that there is a lesser drag on these layers than on the rest of the

bed. However, the reason they have suggested for the lowered drag is derived from a misinterpre·

tation of the results of Rowe and Henwood [1961], who measured the drag force exerted on indi-

vidual layers of an assembly of spheres by a flow of gas. The results of Rowe and Henwood state
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Flgure 53. Floor pressures and gap thlckness beneath a bed of 177-pm glass beads: The cyclic
variation of the floor gauge-pressure and the gap thickness beneath a bed of 177-pm
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clearly that the drag on an upstream-facing layer is typical of the drag in the interior, but that the

drag on the downstream·facing layer is higher than on the rest of the bed. This would suggest that

the expansion during lift-off would occur on the lower surface of the bed (the downstrearn-facing

layer as gas rushes downward) rather than on the top surface (the upstream-facing layer). However,

experimental observation in this study shows that there is no expanded zone formation along the

bottom surface of the bed. The results of Rowe and Henwood [1961] also indicate that the drag

on an open-packed assembly is much smaller than on a c1ose·packed assembly, and that this dif-

ference in drag far exceeds the difference in drag between the downstream-facing layer and the rest

of the bed. Thus, the results of Rowe and Henwood tend to support the argument that the lesser

drag is caused by the looser packing of particles at the top of the bed during lift-off.

Furthermore, soon after the gas begins to flow downward, particles in a 'spray" above the bed fall

quickly downward. The surface of the expar1ded zone becomes more sharply defined, probably

because of an effect noted by Rowe and Henwood [1961]. They observed that higher drag forces

on irolated spheres close to an upstream face of an assembly of spheres pu1l‘the isolated spheres

strongly toward vacant sites on the assembly.

From Figure 52(a), it can be seen that the expanded zone is pronounced at a phase angle of l5°.

However, dark bands present in the expanded zone reflect the fact that the air trapped in the bed

from the previous vibrational cycle is still being forced out at this instant. The expanded zone at

15° is therefore a remnant from the previous cycle. A small expanded zone is seen at 42° in

Figure 52(b), and is seen to be growing at 82° in Figure 52(c).

Once the bed is falling downward with respect to gravity, the drag caused by the air, which is still

flowing down into the air gap, accelerates the center of gravity of the bed downward faster than do

particles in the top layers. This follows because there is a greater drag in the relatively more densely

packed bulk of the bed, resulting in an even more rapid expansion of the expanded zone, as is the

case at l50° shown in Figure 52(d). Note the relatively uniform nature of the expanded bed, and
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also that gas driven by the downward sloping vertical pressure gradient is rushing into the gap even

as it closes (Figure 53 on page 194).

At 200°, the floor gauge·pressure becomes positive, and the air is forced upward out of the bed.

This outward rush of air maintains and further enlarges the expanded zone. Jets of gas are seen

within the zone. At 270°, when the floor pressures go through a peak, jets of particles, driven by

the gas, may be seen erupting into the expanded zone as shown in Figure 52(e). At 280°, the gap

beneath the bed is closed, and the floor pressure falls. However, a substantial quantity of air is still

being expelled from the bed at this point as seen in Figure 52(f). This expulsion of air from within

the bed continues into the next cycle, as indicated by the photograph at l5°. lt is important to note

that although the above sequence of events is noticed for all small-particles beds that bunker, the

exact phase angles at which an event may occur is dependent on several factors, most importantly

floor pressures, but also the particle density, bed depth·to·width ratio, vibrational intensity, and

frequency of vibration.

Photographs and visual observations of the expanded zone using a strobe light, as well as high-

speed motion photography, indicate a high degree of turbulent gas-solid mixing within this region.

Also, visual observation and high-speed cinematography shows that the expanded zone provides a

major path for the flow of particles from the center of the bed toward the walls of the vessel.

5.4 Particle Circulation in Vibrated Beds

Characteristic particle circulation pattems are observed in vibrated beds. This section describes

different types of circulation patterns observed, and attempts to correlate experimental findings with

bed dynamics.
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5.4.1 Results of the Experimental Observation of Particle Circulation

Particle circulation in vibrated bed has previously been studied by Sprung et al. [1986], and Sprung

[1987], using colored tracers and rubber markers. The colored tracers give an indication of particle

circulation at the walls of the vessel, while the rubber markers are used to measure the particle cir-

culation rates. The smallest marker used is 1.5 mm in diameter, which is considerably larger than

the particle sizes used. Therefore, the measured rates at which these rubber markers circulate can

at best be used to estimate the relative circulation rates among different beds.

In this study, fluorescent tracers are used to examine the particle circulation in the vibrated bed.

. The fluorescent tracers, illuminated by UV light, allow the movement of particles up to one·quarter

of an inch within the bed to be examined if glass beads are used, as described in Chapter 4. In terms

of overall circulation pattems, examination of the movement of tracers within the bed shows that

in small-particle beds that bunker, particles within the bed move at the same velocity as particles

at the wall; that is, circulation patterns and particle velocities observed at the front and rear walls

are an accurate description of the circulation within the bed.

With large·particle beds that do not buriker, the observation of colored tracers at the wall indicates

a flow of particles down at the walls [Sprung et. 611.,1986]. By conjecture, particles within the bed

have been assumed to flow upward. Observation of the circulation using fluorescent tracers shows

that this is indeed the case. Particles move down at the wall only within the two particle layers that

are immediately adjacent to the wall. The downward particle velocity at the particle layer in contact

with the wall is greater than that of the next layer. Since the downward flow is within such a narrow

band, the resulting upward flow within the bed is much slower. There is very little particle mixing

in the horizontal direction, and it appears to take place by a process of particle diffusion within the

bed. lf a heat-transfer tube is placed within such a bed, distortions in the circulation pattems

produced by the presence of the tube, cause lateral mixing of particles, particularly in the vieinity
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of the tube. These distortions in the circulation pattems caused by the presence of a heat·transfer

surface within the bed will be dealt with in the following chapter.

Generalized flow pattems that have been observed in vibrated beds of glass beads with particle sizes

of 88, 177, and 707 um are shown in Figure 54 on page 199, at K-values of 2 and 4. The most

noticeable difference is the direction of particle circulation, which depends on whether the bed is

bunkered or not.

88-um beads show a greater tendency to move in a horizontal direction over a larger section of the

bed. At the center, they move steeply upward. The return flow of particles is along the top section

of the bed within the expanded zone. 177-,um particles move with an almost horizontal trajectory

only in the lowest section of the bed. In the middle part of the bed, the flow is more diagonal. In

the top part of the bed (but below the expanded zone), particles are drawn into the bed as shown

in Figure 54 on page 199, from the return flow which is within the expanded zone on the top sur-

face. The diagonal flow of particles is more noticeable at K= 4 than at K= 2.

ln addition to the effect of particle size, circulation pattems also depend on solid density. Sprung

[1987] has mapped circulation pattems using 177-um particles of high- and low·density glass, and

Master Beads. His results are presented in Figure 55 on page 200. The pattems indicate that the

downward component of the particle velocity tends to increase as the particle density is increased.

5.4.1.1 Particle Circulation Patterns in a Vacuum

When the air pressure within the bed is reduced to a value at which viscosity effects are no longer

important, all beds exhibit circulation pattems that are identical to that observed in large-particle

non-bunkered beds — that is, downward in a narrow band at the wall, and upward within the bed.

Bunkering is no longer present in any type of bed. With 707-um particles, the downward particle

velocity at the wall is somewhat lower than that at atmospheric pressure. The major particle mo-
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Figure 54. Generallzed solld clrculatlon patterns in vibrated beds: General circulation patterns

in vibrated beds of 88-, 177- and 707-am particles at K -2 and 4. The solid arrows in
the left half of each bed indicate circulation patterns seen at the wall. The dashed lines
in the right half indicate circulation patterns within the bed observed by the use of
fluorescent tracers. Note: With the 88- and 177-am particle size beds, a center-high
bunker configuration is used. Different circulation patterns result from other bunker
configurations (see also Figure 59 on page 218).
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tion is the vertical oscillatory motion relative to the bed due to the bed throw, which is now much

larger. This agrees with earlier observations of vibrated beds at low pressures made by Sapozhnikov

and Syromyatnikov [1970].

5.4.1.2 Description ofParticle Motion Within a Vibrational Cycle

Periodic Particle Motion in Bunkered Beds

The motion of 177-pm Master Beads with colored tracers is observed within one cycle, with the

aid of high-speed cinematography. The bed is vibrated at K= 4, and flmed at 2500 and 1250 frames

per second (fps). The film is played back at 25 fps, slowing down the action 100 times and 50 times,

respectively. The bed is bunkered, with the center of the bed being highest.

The film shot at 1250 fps shows that as the bed lifts off the vessel floor, particles it· become

loose and start moving. Within the dense regen of the bed, below the expanded zone, particles

move from the side walls toward the center. The expanded zone can clearly be seen, and particles

move from the center to the side walls in this region of the bed. Once the bed comes in contact

with the vessel floor, the bed becomes compacted, and the particle motion in the bed below the

expanded zone stops completely until the start ef the next cycle.

The film shot at 2500 fps shows that as the bed collides with the vessel base, particle motion in any

part of the bed is stopped as the compaction wave passes through that part of the bed.

The particle motion in the expanded zone takes place primarily when it is fully expanded, but as

stated in Section 5.3, it never fully collapses, so some particle motion is always present in this re-

gion. During the flight period, particles are observed to be pulled down from the expanded region

into the denser regen of the bed.
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Tl1is is the first instance, as far as can be established from the published vibrated-bed literature, that

the motion of particles within a single cycle has been directly observed.

Periodic Motion of Particles in ”Breathing" Beds

As described in the previous section, beds of fme aeratable powders (Geldart group A/C powders),

exhibit a periodic expansion and contraction at a frequency much lower than the vibrational fre·

quency. This phenomenon which has been termed "breathing" occurs because the bed does not

completely collapse within one vibrational cycle. The periodic motion of particles in such beds is

determined by the time period of the "breathing', rather than by the vibrational period.

Particles move from the wall toward the center as long as the bed is expanded, which is usually over

about 23 to 24 vibrational cycles. When the bed collapses, the particle motion suddenly halts. This

is similar to the periodic particle motion in bunkered beds as described above. Essentially in both

"breathing" and other bunkered beds, particle motion only takes places while the bed is in a "loose"

state, and layers of particles can move relative to each other.

Periodic Particle Motion in Non·Bunkered Beds

Similar observation of particle motion at the wall within one cycle is made using high-speed

cinematography. Low-density glass beads with a diameter of 707 um are used. Glass particles are

colored black with a permanent dye, and the motion of these tracers are followed.

The film is viewed frame-by·frame and the movement of the colored tracers followed. At the start

of the flight period, particles at the wall are accelerated downward. They reach a maximum down-

ward velocity. Later as the bed starts to fall back toward the vessel floor, the particles are retarded,

and suddenly come to a halt as the bed collides with the vessel floor. At the bottom of the bed,

during the flight period, particles are drawn in from the layer adjacent to the wall into the rest of

the bed.
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5.4.2 Proposed Mechanism for Particle Circulation in Brmkered Beds

Because of the different types of particle circulation, mechanisms responsible for circulation depend

on the bed bunkering.

Observed directions of particle circulation in small-particle beds shown in Figure 54 on page 199

and Figure 55 on page 200, are remarkably close to the directions of gas flow shown in Figure 42

on page 164, which are derived from horizontal and vertical pressure gradients within the bed. This

fact suggests that the flow of gas within the bed caused by the pressure gradients is responsible for

the particle motion. The disappearance of this type of solid circulation in a vacuum or when

bunkering is suppressed, supports this hypothesis.

As the bed lifts off the vessel floor, both horizontal and vertical pressure gradients develop within

the bed. Particles move down along the side walls, and are drawn down into the bed from the ex-

panded zone along the top. During the flight period, the pressure at the wall is higher than at the

center, so that particles move down this gradient from the wall to the center. This is particularly true

in lower layers of the bed where gas flows are largely horizontal. With a solid of higher density, the

vertical pressure gradient is larger than that for a low—density solid. This causes a larger vertical

component in the particle velocity as observed in Figure 55 on page 200 by Sprung [1987]. As the

gap closes, pressures within and beneath the bed rise above atmospheric, but as long as the bed is

in flight, the horizontal pressure gradient slopes down toward the center. The vertical component

of the particle velocity is now upward, but the horizontal component still remains directed toward

the center of the bed. Thus, particles continue to move toward the center, although they may also

move upward slightly.

The bed falls back onto the vessel floor from the side walls toward the center. A compaction wave

passes through the bed as described earlier. ln front of the compaction wave, the bed is loose and

the horizontal pressure gadient is still downward in the direction of the center. Because of the large
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vertical pressure gradients that develop, particles also start to move upward, particularly at the

center, where vertical pressure gradients are largest. Behind the wave, the horizontal pressure gra-

dient reverses direction as shown in Figure 42 on page 164, causing gas to move from behind the

compaction wave to the wall. However, since the bed is compacted in this region, no particle

movement is possible. The bed "freezes” from the wall toward the center as the gap closes.

Thus, particle motion is caused by gas flows that are driven by vertical and horizontal pressure

gradients within the bed; and it only takes place while the bed is in flight and "loose”. »

5.4.2.1 Correlation of Pressure Gradients with Particle Velocities

Particle velocities are difficult to establish with any reasonable degree of accuracy by visual obser—

vation, since only single particles can be followed at a time. In Chapter 7, techniques using a digital

computer will be suggested that will allow the simultaneous tracking of several particles at one time,

thereby yielding far more accurate results than those obtained in this study.

The best estimate for the horizontal velocity component in a bed of l77·prn low-density glass beads

(obtained by measuring the horizontal distance travelled by a tracer particle in a given amount of

time) is 2 mm/s at K= 3, and 8 mm/s at K= 4. The value of 8 mm/s suggests a time of 10 seconds

for a particle to move the 80-mm distance between the wall and center of the "two-dimensional"

vessel. This compares well with the time of ll seconds quoted by] Sprung [1987] using the rubber

marker, under otherwise identical conditions. However, at K= 3, circulation velocities obtained by

the two methods are different. The horizontal velocity obtained in this study suggests a time of 40

seconds for a particle to move from the wall to the center, whereas Sprung [1987] obtained a time

of 17 seconds with a rubber marker. It should be noted that the time obtained in this study is for

the particle to move to the dead center and emerge from the top of the bed. Particles that emerge

from the top surface of the bed on either side of the dead center, have a much shoxter residence time

within the bed. It is possible that the rubber marker was not emerging from the dead center, and
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the value quoted by Sprung [1987] is based on an average residence time within the bed. lt is also

possible that for some reason, the rubber marker does not move at the same rate as the particles

do at lower values of K.

The general trend observed both in this study and that of Sprung [1987], is that the circulation rate

for a given particle size increases with increasing vibrational intensity. This is in accordance with the

observations of Suzuki et al. [1980b].

General observations of beds of low-density glass beads with particle sizes from 353 to 88 um, at

K= 4, show that the rate of particle circulation first increases with decreasing particle size, then re-

aches a maximum for a particle size of 177 pm, after which it declines with further reductions in

the particle size. This is supported by circulation rates for the rubber marker obtained by Sprung

[1987]. At K=4, the time taken by the rubber marker to move from the wall to the center is 11

seconds in a bed of 88-pm Master Beads, and 7 seconds for 177-um Master Beads. At lower values

of K, differences between the two particle sizes becomes even more marked. Suzuki el al. [1980b]

have reported similar trends at K= 1.21. The circulation rate for a bed of glass beads with a size

range of 177-210 pm is reported to be higher than that for a bed with a size range of

297-350 um. When the size range is further reduced to 105- 125 um, the particle circulation rate is

lowered.

Sprung [1987] has observed that circulation rates for 177-um low-density glass beads are higher than

those for high-density glass beads of the same size at both K=3 and 4. Circulation rates for

Master Beads however, are the highest.

The discharge of solids from a fluidized bed through an orifice is often modeled as the hydraulic

discharge of an inviscid fluid through the orifice [Massimil1a, 1971]. The flow of solids between two

adjacent fluidized beds with different levels that are connected by a pipe can be approximated by

the efllux rate of solids into the atmosphere through an orifice with the same diameter as the pipe

and for the same pressure difference, as the difference in "hyd.rostatic head' between the two beds.
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These results, if applicable to a dense gas-fluidized bed, can be extended to a vibrated bed in the

flight period. During the flight period, particles are in effect weightless, and a vibrated bed is there-

fore analogous in that respect to a gas-fluidized bed.

Since it has been established that particles only move during the flight period when the bed is in

free·fall, the pressure gradients that are pertinent to particle circulation are those which exist during

this period. The average horizontal pressure gradient during flight is calculated from:

jl
AP, d9

d9 [6.44]'|·21rd0 2;; 0,
x

0

where AP, is the horizontal pressure gradient between the wall and the center during flight, as-

suming that the gas is incompressible. The phase angle of lift-off is 9,, and 9, is the phase angle

of bed-vessel collision. It is easy to determine 9,, since all parts of the bed lift-off the vessel floor

within the span of a few degrees. However, 9, is difficult to estimate, since the gap does not close

unifomtly. For the purposes of calculating the average horizontal floor pressure gradient during

flight, 9, is taken to be the phase angle of bed-vessel collision at the wall. Although this is not

strictly correct, the pressure gradient is not predictable beyond this phase angle, because of the

compaction wave that travels through the bed. Average horizontal pressure gradients at the bottom

of the bed calculated in this manner are shown graphically in Figure 56 on page 207.

Particles are accelerated from zero velocity at the start of each flight period. Because of the change

in particle momentum that must be produced, the mass or density of the solid has to be taken into

consideration. The average horizontal drag force per unit bed weight during the flight period as

shown graphically in Figure 57 on page 208, takes both the horizontal pressure gradient and solid

density into account. This quantity, which is dimensionless, is given by the ratio:
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where A, is the cross-sectional area of a thin horizontal 'slice" across the bed, R is the half-width

of the bed (the distance between the wall and the center), and p, is the solid density.

Values of this ratio for 707-um particles are always close to zero. This is consistent with the ob-

servation of there being almost no horizontal particle motion in such beds. With smaller particle

sizes, there are a couple of inconsistencies when the ratio is compared with observed trends in

particle circulation rates. First, the drag in the direction of particle flow is higher for 88-um particles

than it is for 177-um particles; whereas both this study and that of Sprung [1987] have shown that

the circulation of 88-pm particles is always more sluggish at a given value of K. Secondly, the drag

force per unit bed weight is larger for low-density glass beads than it is for Master Beads, which

would predict that circulation rates for low-density glass beads are higher than for Master Beads.

This is in conflict with the results of Sprung [1987] which state that the circulation rates are highest

with Master Beads.

Massimilla et al. [1959] have suggested an altemative approach to describing the efllux of particles

in the fluidizcd dense phase through an orifice, which may be adapted to describe particle circu-

lation in a vibrated bed. The interstitial gas-percolation velocity is related to the horizontal pressure

gradient by Darcy’s law

öP [$.46]

However, instead of correlating the particle efflux rate with the drag force exerted by the gas flow

on the bed as a whole, the particle movement is related to the drag exerted by the interstitial gas

flow on individual particles. By assuming that each particle is accelerated from a velocity v to

v + dv, in a horizontal distance x because of the drag on each particle, a force balance gives:
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Q- J- CDPAP 2dt - V dx - ZPSVP (22, V) [$.46]

A, is the projected area of the particle in the direction of the How, and IQ is the volume of a single

particle. C'„ is a drag coeflicient for the particle within a packed bed. It should be noted that in a

vibrated bed, u, is time~dependent because of the periodic oscillations in gas pressures. For spherical

particles:

41 - .72. J. öpx 2

The exact equation for C',, is not known, but usually for laminar How, C',, = f(Re") = f(d,;‘) . The

bed permeability x is a function of aß . Therefore, by making the appropriate substitutions, it is seen

that:

_ 2 -1 öpx( d, )- r (2,,. 2. . —,x ro) 6.261

This shows that the acceleration of the particle (and hence its velocity) during the Hight period is

dependent not just on the horizontal pressure gradient, but also strongly on the particle size. If the

gas How can be assumed to be incompressible, the average value of the product [p;‘(öP„/0x)] is

equivalent to the average drag force per unit bed weight plotted in Figure 57 on page 208.

The average horizontal interstitial velocity component during Hight can be calculated from the av-

erage horizontal pressure gradients given in Figure 56 on page 207. For Master Beads, this velocity

is approximately 5.6 mm/s at K= 4, and 3.0 mm/s at K= 3 for 177-,um particles. For 88-pm par-

ticles, these values are 2.4 mm/s at K=4, and l.9 mm/s at K=3. Substituting these values into

equation [5.46] shows that the particle acceleration, and consequently the particle velocity, will be

smaller for 88-nm particles than for 177-pm particles.
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With low-density glass beads, the horizontal interstitial gas velocity at the bottom of a bed of

177-um particles is 7.3 mm/s at K=4, and 4.8 mm/s at K= 3. For 88-um particles, it is 3.3 mm/s

at K= 4, and 1.6 mm/s at K= 3. Since the particle velocity depends on the interstitial gas velocity,

these figures indicate agreement with the observed trend between particle velocity and particle size.

Interestingly, the value of 7.3 mm/s at K= 4 for l77·;lm particles is close but lower than the ob-

served horizontal particle velocity of 8 mm/s for this solid. Although relative comparisons of the

particle velocity obtained from equation [5.46] can be made by using average horizontal pressure

gradients, absolute particle velocities can only be obtained by integrating equation [5.46]. The initial

conditions for solving the differential equation are that v = 0 and (öP„/öx) = 0 at the start of the

flight period. By referring to Figure 34 on page 149, it is seen that the horizontal pressure gradient

is initially large. Thus, particles anc accelerated rapidly during the first part of the flight period. After

the negative peak in the floor pressures, the horizontal pressure gradient becomes smaller, and re-

mains at this low value for several degrees until the gap closes. lf the particles have gathered suffi-

cient momentum during the first part of the flight period, they can move faster than the gas in the

later part of the flight period even if they are slightly retarded by the relatively slower flow of gas.

Therefore, it is possible to have average particle velocities that are greater than the average gas ve-

locity, although the particles are driven by the gas flow.

The analysis given above is entirely based on the point of view of fluid mechanics. It assumes

inviscid or frictionless flow of particles within the bed. Although particles are "weightless" du.ring

the flight period, they are still in contact with each other. From the particle flow pattems, it is clear

that layers of particles within the bed move relative to each other. Thus, shear stresscs are trans-

mitted through the bed, implying that the motion of particles cannot be modeled entirely by fluid-

mechanical theory, but must include consideration of the bed as a solid continuum (requiring the

consideration of soil·mechar1ical theory). The importance of shear stress will depend on the

"looseness" of the bed. Obviously, if the bed is very loose, and particles are not in contact with each

other, there will be no transmittance of shear stresses through the bed even if there is relative motion

of the particle layers. A bed of 177-um particles at K= 4 is looser than the same bed at K= 3. The
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"looseness” of a bed can be determined by drawing a rod horizontally through the bed. lt requires

less force to draw a rod through a looser bed. The low particle velocity (2 mm/s) at K= 3, when

cornpared to the interstitial gas velocity (4. mm!s), is probably due to the interparticle shear stresses

which are high in this bed. Lower circulation rates in glass-particle beds relative to beds of

Master Beads [Sprung,l987] might be caused by interparticle forces in the bed. Static charges are

more prevalent in beds of glass particles. The static charge in the bed causes particles within the

bed to stick together, and will tend to retard the motion of the particles, since the shear stress that

would be required to move one layer of particles relative to another increases. With fine Teflon

powder vibrated in plastic-walled vessels, the static charge can build up sufficiently to prevent any

motion of particles within the bed.

5.4.3 Proposed Mechanism of Particle Circulation in Non-Bunkered Beds

In a bed with a flat top surface, there are almost no horizontal pressure gradients and as a result,

very little horizontal motion of the particles is present. The major circulation path is downward in

a narrow band of two particle layers at the wall, and upward at a much slower velocity within the

rest of the bed.

Since this type of circulation is still present, although to a somewhat lesser degree, at low pressures

where gas-viscosity effects are negligible, it can be concluded that the motion is not induced entirely

by gas flows. A mechanism that has been suggested by Muchowski [1980] involves the action of

wall friction on particle layers adjacent to vessel walls. This mechanism will be elaborated on here.

Suppose that wall friction is acting on the layer of particles next to the wall. As the bed lifts off the

vessel floor, this layer will be retarded relative to the rest of the bed. This downward force on the

layer will continue as long as the bed as a whole continues to move upward relative to the vessel.

If there is also a downward flow of gas, an additional downward drag will be exerted on this layer

by the down·flowing gas. However, since vertical pressure gradients are approximately the same at
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all horizontal locations within the bed, the drag exerted by the down-flowing gas will be equal over

the whole bed. Therefore, there is no net effect of gas drag on the particle motion at the wall, rela-

tive to the rest of the bed.

The relative downward motion of particles close to the wall produces a shear stress that propagates

through the rest of the bed. This means that the center of the bed moves faster than any other part

of the bed, and that there is a particle velocity gradient through the cross-section of the bed as

shown in Figure 58 on page 214. This type of particle velocity gradient has also been reported by

Kapustin et al. [1980]. It can also be deduced by observing the top surface of the bed with a strobe

lamp that is triggered by a phase-delayed pulse. As the bed rises, the top surface of the bed is

dome-shaped. The center moves upward the most, and the wall layers the least.

As particle layers within the bed lift higher than those adjacent to the walls, particles roll down from

these layers toward the walls along the top surface of the bed. This can clearly be seen from ob-

serving the fluorescent tracers. When these particles enter the wall-adjacent layer, they immediately

experience the relative downward drag due to wall friction, and are moved downward relative to the

rest of the bed. At the bottom of the bed, inner layers move up higher than those layers adjacent

to the wall. Particles at the wall move inward here, since there is no barrier preventing them from

doing so, and because of the angular momentum imparted on them by the wall friction. Hence, a

circulatory motion of particles is induced in the layers close to the wall. In practice, neither wall

surfaces nor particle surfaces are perfect. As a result, the frictional force at the wall may not always

be in the strictly vertical direction. This can sometimes cause a particle at the wall to be pushed into

the bed before it reaches all the way to the bottom, as can be observed when viewing the movement

of the fluorescent tracers.

As the gap starts to close, the bed begins to move downward relative to the vessel. The relative di-

rection of the drag on the wall-adjacent layers due to fxiction is now reversed. Since the net move-

ment of the bed relative to the vessel over one vibrational cycle is zero, there must be some factors
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that prevent wall-adjacent particles from returning to the same position relative to the rest of the

bed as at the start of the cycle. lf this were to happen, there would be no net circulation in the bed.

lt should be kept in mind that bed trajectories shown in Figure 45 on page 173indicate that the rate

at which the bed reverses its direction of motion relative to the vessel (after the gap has reached its

maximum thickness), is rapid when compared to the rate at which the bed moves upward relative

to the vessel after lift-off. Also, particles at the wall possesses a downward momentum as the gap

reaches its maximum size when the center of gravity of the bed stops moving relative to the vessel.

When the bed reverses its relative direction of movement and moves downward relative to the

vessel, it will drag down the wall-adjacent particles with it. Since the walls are now moving upward

relative to the wall-adjacent layer, they will exert an upward frictional force on this layer. However,

because particles ir1 this layer possesses a downward momentum, and the change in direction is

relatively rapid, these wall-adjacent particles will slip past the wall surface. lt should be remembered

that the relative motion during bed lift-off is more gentle, and that particles adjacent to the wall are

initially at zero velocity, so that the degree of slip as the bed lifts will be smaller than when it falls

relative to the vessel.

The downward slip relative to the wall will continue until the frictional force reaches a magnitude

that is sufficient to stop it. After this point, the wall friction force will tend to pull wall-adjacent

particles upward relative to the rest of the bed. However, high-speed motion photography shows

that although the rate at which particles move down at the wall slows down considerably as the

bed falls back toward the floor, they never reverse direction (while the bed is at atmospheric pres-

sure). To summarize, particles at the wall which are pulled downward relative to the bed as the

bed lifts, slip past the wall surface as the bed falls back, so that the net result is that wall-adjacent

particles move downward relative to the rest of the bed over one vibrational cycle.

The bed trajectory at K= 3 (Figure 45 on page 173) indicates that under atmospheric pressure, the

bed moves upward relative to the vessel for approximately 2l6°, whereas it moves downward for

only lO2° The effect of operating the bed in a vacuum is for the bed trajectory to approach that
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predicted by the single-particle model. A comparison of the bed trajectory predicted either by the

Kroll or the Gutman model, with that predicted by the single-particle model as shown in

Figure 48 on page 177, indicates that the phase angle at which the bed reaches its maximum posi-

tive displacement relative to the vessel is not very different whether the effect ofair drag is included

or not. However, the time taken for the bed to fall back onto the vessel floor is longer for the

single-particle model. This means that when the bed is operated under a vacuum, it spends a longer

time than it would at atmospheric pressure in moving downward relative to the vessel. As a result,

there is a greater chance that during the period while the bed is falling back onto the vessel floor,

that the wall friction will cause the wall-adjacent particles to reverse their downward direction of

motion before the bed collides with the vessel floor. Thus, the net downward motion of a wall-

adjacent particle over one vibrational cycle will be less than at atmospheric pressure. This is a

probable reason for the reduction in circulation rate observed in large—particle beds under vacuum,

Equations of motion for the particle motion in non~bunkered beds will depend almost entirely on

the continuum mechanics of the bed. The only relevance of fluid mechanics to the situation will

be in predicting the height of throw of the center of gravity of the bed. As such, a mathematical

treatment of the particle motion is beyond the scope of this study.

5.5 Bunlccring in Vibmted Beds

Vibrated beds particularly of fine particles, exhibit a tendency to pile up at certain locations within

the containing vessel, so that the top surface of the bed is no longer flat. This phenomenon, called

bunkering, has been observed in previous studies [Kroll, 1955; Pakowski et aI.,l984[. Bed bunkering

has also been observed in this study. It is usually restricted to beds of small particles, but it is also

present in some large-particle beds at low values of K.
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5.5.1 Types of Bed Bunkering

Three types or configurations of bed bunkering are observed both within three~dimensional cylin-

drical and "two-dimensional" rectangular geometiies. Each has a characteristic particle circulation

pattem associated with it. These bed configurations, and their associated particle circulation pat-

terns are illustrated in Figure 59 on page 218 for both types of geometry. At 25 Hz., only these

three types of bed configuration result from bunkering. Attempts to create two bunkers within the

width of the vessel do not succeed, because the final configuration will be one of those shown.

Shapes of the bed surface shown in Figure 59 on page 218 agree in general with the observations

of Pakowski et al. [1984]. The three types of bed bunkering are discussed in greater detail below.

Center-High Configuration

The center of the bed is the highest position, and the top surface slopes down toward each wall. ln

a cylindrical geometry, the high point is located along the central axis of the cylirider, and the top

surface of the bed is dome— or cone-shaped. lf a heat-transfer tube is placed horizontally in a cy-

lindrical bed, the top surface of the bed will peak along the length of the tube, so that the surface

configuration will resemble more that of the 'two-dimensional" rectangular bed than a dome.

The particle circulation pattem associated with this configuration is one in which particles flow

downward at the walls, and toward the center within the bed. At the center, they move upward.

This is the first configuration that results from an initially flat bed, once vibrations are applied.

However, it is also the most unstable configuration. With a particle size of 177 hm, a small non-

vertical component can cause instability. With a particle size of 88 pm, this configuration is inher-

ently unstable, particularly at higher values of K, unless the bed is forcibly restrained from changing

its configuration. Once this type of configuration becomes unstable, the high point moves toward
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Figure 59. Configurations of bunkered beds: Configurations of bunkered vibrated beds in rec-
tangular and cylindrical vessel geometries. Particle circulation patterns associated
with each configuration are indicated by arrows. (a) Center-high configuration; (b)
Wa||·high configuration - the high point can be at any wall; (c) center-shallow config-
uration.
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one of the vessel walls (one of the side walls in the two-dimensional rectangular geome¤’Y)„ until it

reaches that wall. When this happens, the wall-high configuration results.

Wall-High Configuration

This is usually the type of configuration that results after the center·high configuration becomes

unstable. The highest point on the bed surface is located against one wall; the lowest point is located

at the opposite end of the vessel. In a cylindxical geometry, the top surface appears as a plane that

cuts across the cross-section of the cylinder at an angle.

Particles move along the bottom from the shallow to the deep part of the bed; then they move

upward at the wall, and flow back along the top surface to the shallow end. The top surface of the

bed is expanded as with the center-high configuration. This configuration is very stable, because it

is supported on the deep side by the wall. A detailed explanation of the stability of different types

of bunkering is given in the next section. _

Center-Shallow Configuration

With this type of bunkering, the center is the shallowest part of the bed. There are two high points

that are located at opposite ends of the vessel, and which are at an equal height above the vessel

floor. It is the inverse of the center-high configuration, and appears like a wall-high bunker at either

end, meeting at the center of the vessel. Particle circulation is symmetric about the center; ir1 each

half, the circulation pattem is the same as in a wall-high bunker. Particles in the two halves do not

mix.

This type of bunkering most usually results if there is a valley at the center of the bed when vi-

brations are initially applied. Occasionally, if the center-high configuration becomes unstable, and

a horizontally placed object, such as a heat-transfer tube, is present along the center~line of the bed,

a center—shallow configuration will be the result.
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5.5.2 Factors Affecting Bed Bunkering

Bed bunkering is strongly affected by the particle size. With a large particle size, the top surface is

almost flat. With a bed of 707·;rm particles, the top surface is wavy, but overall, it is not signif·

icantly sloped when K > 2.5. Waves appear to travel along the top surface. By viewing the bed over

the whole vibrational cycle, it becomes clear that these waves are only present as the gas is expelled

from the bed as shown in Figure 29 on page 142. Crests of the wave correspond to locations at

which gas is being expelled from the bed. During 1ift·off and the first part of the flight period while

air is flowing down across the bed, the bed has minor depressions ir1 it, through which gas prefer-

entially flows into the gap at the bottom of the bed. The crests move toward the wall over several

cycles giving the appearance of a wave-like motion along the surface. Regions of the bed closest to

the wall are sloped slightly downward. This is possibly due to the wall fxiction effects that are re-

sponsible for the downward flow of particles at the walls. When the vibrational intensity parameter

K is reduced below 2.5, the bed of 707-pm particles begins to bunker.

With a bunkered bed, the slope of the top surface can be expressed in terms of the gradient angle

ß as shown in Figure 59 on page 218. For the center-high configuration, this angle can be exper-

imentally obtained by measuring the depth of the bed at the center L,, and the depth at the wall

L,. Then, ß = tar1"[2(L„ — L,)/D] where D is the width of the bed. This calculation for the angle

assumes a straight-line slope between the center and the wall. This assumption, although almost

correct for small·particle beds, is in error for a large-particle bed where or11y slight bunkering is

observed. In such beds, the top surface is almost flat, except at locations close to the walls.

Values of gradient angle ß of the top surface obtained in this manner for Master Beads are shown

graphically in Figure 60 on page 221 as a function of particle size, and vibrational intensity pa-

rameter K. The angles are calculated from measurements of the bed depth at the wall and center

by Warren [1986] as part of this study. There is agreement within i l.5° with values of ,8 calculated

from the bed-depth data of Sprung [1987]. The figure shows that the degree of bunkering increases
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with decreasing particle size. At a particle size of 500 pm, the slope is signiücant even at K= 3; but

the bed is almost flat at K= 4 and above. The slopes for beds of the 329-um and 177-am particles

are virtually identical at all values of K, and only one curve is shown for both particle sizes.

The graph shows that the angle becomes less steep as the vibrational intensity is increased. For the

particles with sizes between 500 and l77 pm, the slope of the surface decreases sharply with in-

creasing vibrational intensity, until K=3. Beyond that, the slope decreases more gently, but still

significantly. For 88-pm Master Beads, the reduction in ß with increasing K is almost linear.

Sprung [1987] has measured L, and L, for l77·;4m glass beads of both high and low densities, at

K= 2.5 and 4. Calculation of ß from his measurements gives values of 24.8° for low~density glass

beads and l9.3° for high-density glass beads at K= 2. The corresponding value for Master Beads

is 2l.8°. At K=4, the values are l6.7° for low-density glass beads a.nd l2° for high-density glass

beads, whereas the corresponding value for Master Beads is l4°. Thus, bunkering appears to be

more pronounced with lower-density particles. Sprung [l987] has also noted that the top surface

of the high-density glass beads appears to be curved slightly inward at K= 4.

5.5.3 Proposed Mechanism for Bed Bunkering

Particle circulation and bed bunkexing are inter~dependent. Bunkering of the bed is responsible for

the horizontal pressure gradients that cause particle movement. Since particles move from the

shallow to the deep part of the bed, particle motion in tum sustains the bur1kered structure of the

bed.

The mechanism by which the bunker forms, can perhaps be best understood by observing the ini-

tially flat bed shortly after vibrations are applied. In the first few seconds after the start of vibration,

all beds, regardless of particle size and density, exhibit particle circulation pattems that are similar

to those present in large-particle non-bunkered beds. That is, particles move downward in a narrow
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band close to the walls, and upward within the bed. This type of flow pattern, as explained in the

previous section on particle circulation, is caused by wall-friction effects. This causes the bed to be

slightly lower at the walls. lf the bed is in a vacuurn, no further changes take place. This type of

particle circulation will persist, and no bunkering can be observed even in beds of FCC or 10-pm

copper powder.

At atmospheric pressure, these depressions at the wall cause a perturbation in the horizontal pres-

sure gradient which is initially zero. Because the bed is shallower at the wall, the pressure beneath

the bed at the wall will be slightly higher (less negative) than at adjacent regions of the bed away

from the walls during the flight period. With a large-particle bed that is extremely perrneable to gas

flows, this horizontal pressure difference will dirninish by the flow of a small quantity of gas from

the wall toward the center. Because the pressure gradients are small, the flow of gas will be insuffi-

cient to move any particles horizontally by a significant amount. ln small-particle beds, which are

less perrneable to gas flow, horizontal pressure gradients are larger, and the resulting flow of gas

will produce a slight movement of particles away from the walls and toward the center. This causes

a further increase in the difference between the bed depth at the center and that at the wall as the

next cycle starts, which in tum leads to greater horizontal pressure differences in that cycle. By the

end of that cycle, differences in depth are even greater, and so on. ln this manner, the process of

bed bunkering escalates over several cycles until a center-high bunker is forrned. lt is easy to deduce

from horizontal symmetry, that the center-high configuration will result from a bed that is initially

flat, and subjected to a strictly vertical vibration.

Once the center-high bunker is fully formed, it will remain stable as long as the system is not per-

turbed, and remains perfectly symmetrical about the center line of the bed. Since horizontal pressure

gradients are symmetrical about the center line, no mixing of particles will take place between the

two halves of the bed. However, in practice, it is unlikely that the system will maintain this sym-

metry for an infinite amount of time. For example, it is possible that tensions of the leaf-springs

supporting the vibrating structure will alter unequally with time. With fine powders, disturbances

are always present particularly at high values of K, where vertical pressure gradients are high, and
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the flow of air ir1to the bed from above can sometimes cause depressions in the top surface. Thus,

the center-high configuration is never stable in 1ine·partic1e beds at high vales of K.

Once mass is transferred across the center line from one half of the bunker to the other, one side

will become deeper than the other. This causes horizontal pressure gradients in the two halves to

become asymmetric. During the flight period, the pressure beneath the deeper half will be more

negative than that beneath the shallower half. This will cause a movement of particles from the

shallower to the deeper half, which in turn increascs the horizontal pressure gradient and so on.

As a result, the peak of the bunker moves in the direction of the deeper half. The process continues

until finally, the peak reaches a wall which provides a physical barrier to any further movement. A

wall-high bunker is created as a result of instabilities in the center-high configuration.

This mechanism also explains the results of the U-tube experiment [Gutman,l974]. The movement

of fine particles from the shallower arm to the deeper arm of the U-tube follows the same rules as

for bunkering.

5.5.3.1 The Degree of Bunkering

The graphs of ß shown in Figure 60 on page 221 indicate that there is a characteristic angle asso-

ciated with each particle size and density for a given value of K at 25 Hz. Bed bunkering will also

occur in beds that are as shallow as 1 mm, if sufliciently small particles are used. Bunkers form in

such ultra-shallow beds because of disturbances on the bed surface that create perturbations in

pressure gradients within the bed. These disturbances may be caused by gas attempting to penetrate

the surface of the bed as it lifts off the vessel floor. ln fine powders, bunkering in ultra·shallow beds

may be caused by the tendency of such powders to group together in an aerodynarnic flow-field (see

also the next section on 'states' of the vibrated bed). Once these center-high bunkers form in

ultra-shallow beds, they attain the characteristic gradient of the top surface. As a result, if the
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bunker is sufficiently small (because the volume of particles in the bed is small), it will not extend

across the whole floor.

Since bunkering is caused by a flow of particles from the shallow to the deep end of the bed, it

would be intuitive to argue that any condition that results in an increased flow of particles in the

desired direction would increase the gradient of the top surface. However, as Figure 60 on page 22l

clearly shows, the gradient decreases with increasing K for all particle sizes, even though the hori-

zontal particle velocity from the wall toward the center actually increases at the same time.

It is more likely that the angle of the top surface is determined by the dynamic angle of repose. The

results of Jackson and Judd {1981] can perhaps be used to determine the angle. They considered the

. slope of the surface of a particulate material in a horizontally rotating drum, with an additional flow

of air blown upward across the material. The angle that the material takes in the rotating drum is

a function of the air velocity across the material. The angle reduces as the air flow across the ma-

terial is increased. Jackson and Judd correlated the slope of the surface to the air velocity by con-

sidering the normal and shear stresses that act on a surface inclined at an angle ß to the horizontal.

Their analysis can be extended to deterrnining the angle of the top surface of the bunker because

these two situations are similar. Using their equation for the angle of the top surface one can

write:

[$.49]

In this equation, u is the angle of fiiction of the flowing powder, u,, is the velocity of the gas flowing

out normally across the surface, and (öP„/örx) is the pressure gradient normal to the bed surface in

the direction of the unit vector n which is normal to the bed surface. The normal pressure gradient

is the resultant of the vertical and horizontal pressure gradients. Since these gradients change their

directions during each vibrational cycle, the normal pressure gradient will be positive as the air flows

into the bed, and negative when it flows out.
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When the bed is in free-flight, the net component of the gravitational force acting on the bed surface

will be equal to zero. This means that there will be no shear stress acting on the top surface due to

gravity. In fact, there will be some shear acting on the surface due to the circulatory motion of the

particles within the bed, but it will be small. The normal stress that acts on the top surface during

flight is only due to the normal pressure gradient on the surface. Therefore equation [5.49] does not

apply during the flight period. Examinirrg the shape of the top surface during the flight period

(Figure 52 on page 193) indicates that the angle of the top surface does not change during the flight

period. It may therefore be assumed that the net instarrtaneous force acting at any point along the

top surface is equal to that at any other point along the top surface, while the bed is in flight.

As air rushes out of the bed, the shape of the top surface is deformed, becomirrg convex as shown

in Figure 52 on page 193, and in Figure 30 on page 143. Once the bed has come into contact with

the vessel base, the bed is no longer in free flight, and the force of gravity begins to act on the top

surface. Equation [5.49] is now applicable. As the vessel accelerates beyond lg, the force acting on

the top surface will also increase. This means that the gravitational acceleration term in equation

[5.49] actually varies with time after the bed·vessel collision between lg and Kg. Equation [5.49]

shows that the angle ß theoretically attains a minimum value when the normal pressure gradient is

at its largest magnitude, a.nd the gravitational acceleration is as small as possible (that is, lg). As-

sume that the bed just comes into contact with the vessel floor as the floor pressure peaks (implying

that the gravitational acceleration is equal to lg at this instant, since the bed has not yet started

accelerating at the same rate as the vessel). Then the instant at which the floor pressure peaks cor-

responds to the point at which the value of ß is smallest. lt is unlikely considering the short time

scales involved, that the surface of the bed will increase in slope beyond this value after the initial

instant of bed-vessel contact. Also, in practice, the compaction wave passes through the bed shortly

after the collision, and particles within the bed are locked into position, so that further changes in

the surface slope are prevented. This value of ß therefore characterizes the degree of bunkering for

a particular bed at a given set of vibrational conditions, since it is the lowest of possible maximum

angles of surface stability.
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According to equation [5.49], the angle of the surface ß, should decrease as the normal pressure

gradient (öP„/ön), increases. As the vibrational intensity is increased, for a given particle size, both

the horizontal and vertical pressure gradients at the instant of collision are larger. This implies a

larger normal pressure gradient, and consequently a shallower bunker with increasing values of K,

as shown in Figure 60 on page 221.

By recognizing that the minimum fluidization velocity, u,„,, is the superficial air velocity which will

just support the weight of the bed, p,,g = xu,„,. Substituting this into equation [5.49] gives:

ß = U - san" san U) [6.60]
mf

When the normal velocity through the top surface of the bed, equals the minimum fluidization

velocity for the bed, the value of ß becomes zero, and bed bunkering disappears. This conclusion

is supported by the observation of particle circulation in vibrated aerated beds by Suzuki et al.

[1980a]. They have reported that the particle circulation within the bed drops sharply when the

velocity of superimposed vertical gas flow through the bed reaches the minimum fluidization ve-

locity. Since overall particle circulation in small—particle beds is a consequence of bunkering, the

disappearance of bunkering leads to a cessation of overall solid mixing.

lt should be noted, however, that the value of ß as predicted by equation [5.49] is the maximum

stable angle of bunkering that is possible. If the bunker assumes an angle that is lower than this, it

will still be stable. ln large-particle beds, pressure gradients are small, and equation [5.49] would

predict large values of ß for such beds, since ß
—• u as (öP,,/ön) —• 0 . Figure 60 on page 221 shows

that the slope of the surface in such beds is actually quite small. lf for example, the horizontal

pressure gradient (öP,„/öx), which provides the driving force to initiate and sustain bunkering, does

not develop, bunkering will be absent. This will be the case in a bed which is extremely permeable

to gas flows, or in a vacuum.
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With the large particle sizes used here, bunkering is present at small values of K. For example, a

500-am bed of Master Beads is bunkered at K= 2, with a surface slope of over l5°. The bunker

forms very slowly from an initially flat bed, taking up to 3 minutes to reach steady·state, as opposed

to the few seconds required for small·particle beds. Bunkering in such beds disappears if a vacuum

is produced in the vibrating vessel. This irnplies that horizontal pressure gradients are marginally

sufficient in such beds to produce bunkering. As the vibrational intensity is increased, the bunkering

rapidly disappears, even though the pressure gradients do not increase by very much. In any case

these gradients are not as large as in small-particle beds. This suggests that the reduction in surface

slope with increasing K is not brought about by an increased flow of gas through the top surface

in large-particle beds, but rather by another mechanism.

A mechanism may be postulated by exarnining the noise present on the accelerometer output dur-

ing the bed-vessel collision. As stated previously, a collision between a large-particle bed and the

vessel produces a large amount of noise on the output, particularly at l1igh values of K. However,

a small-particle bed produces no such distortion, even if the bed density is several times that of the

large-particle bed (for example, if 10-am copper powder were used). Since the small-particle bed is

more impermeable to gas flow than the large·particle bed, the gas in the gap is compressed to a

higher pressure as the gap closes, as is evident from the graphs of floor pressures. As the bed falls

onto the vessel base, the compression of the gas within the gap and in the bed serves as a ’shock-

absorbing" mechanism in small-particle beds that tends to absorb the energy of impact (which is

equal to the relative kinetic energy of the bed at the instant of impact). With a large-particle bed,

the compression is much smaller, and the energy of impact is dispersed within particles in the bed,

causing a break-up of any 'structure" that might be established. This can be observed, if a

505-pm bed that is bunkered at K= 2 is suddenly subjected to a higher vibrational intensity, say

K= 4. The bunkexing that is present disappears within a fraction of a second following the increase

in K. Also, if a small-particle bed which is bunkered is vibrated in a vessel from which air is con-

tinuously withdrawn, a degree of vacuum is reached when the noise of the bed-vessel collision ap-

pears, and simultaneously, bed bunkering disappears.
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To surnmarize, bunkering in vibrated beds is caused and sustained by the presence of horizontal

pressure gradients during the flight period that cause a flow of particles from the shallow to the deep

regions of the bed. In small-particle beds, the maximum degree of bunkering is determined by the

stresses on the top surface as the bed falls onto the vessel base. The energy of the impact is absorbed

by the compression of the gas within the bed during the bed·vessel collision. Equation [5.49]

qualitatively predicts the observed trends in bunkering in such beds, but it is impossible to test the

quantitative agreements without a knowledge of angles of intemal friction for the solids used. With

large-particle beds, the energy of impact is transmitted into the bed where it causes a break-up of

any bunkered bed structure that might form during the flight period. Consequently, bunkering

cannot occur in such beds.

Finally it should be noted that bed bunkering is observed in beds that are 60 mm deep for all the

particle sizes below 500 um. The depths within such a bed of 177-um Master Beads are measured

to be 70 mm at the center and 50 mm at the wall for a center·high configuration. The analysis

of bunkering according to Buevich et al. [1979] (described in Chapter 2) treats the bed as inter-

connected one-dimensional systems. However, according to the data of Buevich ct al. [1979],

shown in Figure 8 on page 4l, in Chapter 2, and the experimental observations of Kroll [1955] and

Gutman [1974], the average pressure during the flight period beneath a 70-mm deep one—dimen.rionaI

bed will be higher (less negative) than that beneath a 50-mm deep bed. This would imply a pressure

gradient that opposes center-high bunkering if the bed at the wall and at the center were treated as

inter—connected one-dimensional beds. However, since center·high bunkering is observed, this il-

lustrates the danger of extending the predictions or experimental observations of one-dimensional

systems to a multi-dimensional system.
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5.6 The Transition ß·om a Static to Mobile Bed

The critical value of the vibrational intensity parameter (K„) at which there is a transition from a

static to a ’vibrof1uidized" bed depends on the type of solid and the nature of the static bed (packed

or loose). This is described as follows:

1. With glass beads (both light and heavy) and alumina spheres of average particle sizes of 707

and 177 pm, which are group B according to the Geldart classification [Ge1dart,1973]: K„ = 1,

for both packed and loose static beds.

2. For glass beads (both light and heavy) and alumina spheres with an average particle size of

177 nm, and which lie close to the border between Geldart group A and group C: K„= 1.15,

for both packed and loose static beds.

3. FCC: This powder is aeratable, and is a group A solid. lf the static bed is initially packed

(de-aerated), K„= 1.95; but if the static bed is loose and in an aerated state, K„ = 1.35. Both

values of K„ remain constant for bed depths varying from 3 to 6 cm.

4. The 10-pm copper powder is a group C solid according to the Geldart classification, but lies

on the border between groups A and C according to Grace’s modification [Grace,1986] of the

Geldart classification. The powder does not appear to be aeratable, but is only very rnildly

cohesive. K„ = 1.80, for transition from the packed static bed, and K„ = 1.35, for transition

from the loose static bed.

5. The fine aluminum powder has a wide size range, but it is aeratable and most probably a group

A powder. However, it is angular and appears to be more cohesive than the copper powder.

With a packed static bed, K„ = 2.60, and with a loose static bed, K„, = 2.20.

Bed Dynamics · Results and Discussion 230



6. Fine—ground wheat flour has a wide size range, and spans the group A - group C boundary of

the Geldart classification. However, it is not at all aeratable, and is very cohesive, foxming

lumps easily. With this solid, particles in a thin band on the top of the bed start to move at

K= 2.75, but an overall bed motion is detected only at K„= 4.95. Even after there is overall

bed mobility, large cavities are seen to form within the bed, and occasionally, "dead' regions

are seen to form temporarily within the bed. When K > 6.6, the appearance of this bed is in-

distinguishable from any of the other beds.

The results indicate that K„= l for bed with particles larger than 100 pm. This agrees with the

observations of previous investigators [Herber,1970; Kapustin er aI.,l980] who have reported in-

creases in K„ for particles below 100 pm., for a given type of solid. The increases are particularly

rapid as the particle size is reduced below 50 pm. It is interesting to note that bed motion in

177-pm particles is detected once K just exceeds unity, although the bed itself cannot be observed

to lift-off the vessel base at these low values of K. This is because the top of the bed, which is often

looser even if thelbed is static, is free to move before the rest of the bed. However, once this top

layer moves, the lower layers will also gradually start to move, with suflicient air being drawn into

the bed to induce bulk particle circulation. This delay in initial movement between the top and

lower sections of the bed becomes more noticeable as the particle size is reduced; and with the finer

particles used in this study, a delay of a few seconds can be observed between the initial motion

on the top and that in the bottom of the bed.

As the particle size in the bed is reduced below 100 pm, there is an increase in K„, but the results

clearly show that the actual value ofK„ depends on more properties of the powder than merely the

average particle diameter. In addition, differences in K„ between initially packed (or deaerated) and

aerated beds of group A particles, coupled with the higher values of K„ recorded for powders that

show signs of cohesiveness, indicate that the critical acceleration for the transition is strongly de-

pendent on the bed cohesiveness. This agrees with the results of Ur’ev [1978] who measured K„

to be about 9 for sub·micron particles of calcium carbonate. When a small amount of surfactant
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was added to this bed, it had the effect of breaking up some of the inter·pa.rticle bonds in the bed,

and the value of K„ dropped to approximately 3.

It is also clear that even with a bed of cohesive powder, the vibrational acceleration can be increased

sufficiently to provide enough shear to break up the bed, giving it an appearance of a less cohesive

bed at a lower value of K.

5. 7 States of the Shallow Vibrated Bed.

T
Visual observations of the bed at equivalent bed depths of 24 pm up to 30 mm, indicate the ex-

istence of a number of different "states” of the vibrated bed. The concept of an "equivalent bed

depth” is explained in Section 4.5 of Chapter 4. The transitions from one state to another are found

in this study to depend on the particle size and type, vibrational intensity, and bed depth. The dif-

ferent states can be identified as described below.

5.7.1 The "Newtonian" State

When the bed is very shallow, usually in the order of about a single particle diameter deep, particles

appear to move about in a random fashion. As described earlier, their trajectories can be determined

by Newtonian mechanics, and therefore this state can be thought of as the 'Newtonian" state.

Two types of Newtonian states are observed. A Newton-I state, in which the vertical dispersion

of particles in the bed does not change within the vibrational cycle, is shown clearly in Figure 61

on page 233 of a 120-am deep bed of 707-am glass spheres. The vertical distribution of particles

is approximately the same at a phase angle of 90° (a), and at 280° (b). In the Newton-II state, shown
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in Figure 62 on page 234 of a 24-um deep bed of 88-um glass particles, particles are uniformly

dispersed at a phase angle of 90° (a), but at 280° (b), a portion of the particles have lost sufficient

kinetic energy that they form a dense band at the lower region of the bed. All beds that show a

Newton-l state also show a Newton·lI state, as the bed depth is increased at a fixed value of K.

In the Newtonian state, the kinetic energy of particles is lost through collisions between particles

and in some collisions between particles and the vessel floor. Other collisions between particles and

the floor result in a transfer of kinetic energy to the particles. The balance between losses and gains

in kinetic energy a.nd the effect of aerodynamic drag on the particles determines the persistence of

the Newtonian state. As the number of particles in an ultra-shallow bed is increased, the collision

frequency increases, and the bed tends to completely collapse at some point in the cycle. In a bed

of particles with a high coefficient of restitution (highly "bouncy" particles) such as glass spheres,

Newtonian states tend to persist to greater bed depths than in beds of equally sized, but less bouncy

particles such as alumina beads. Fine-particle beds exhibit a strong tendency to group together even

with bed depths of less than a single particle diameter. As a result, the Newtonian state for fine

powders disappears at very shallow bed depths, particularly if the value ofK is low. For FCC, there

is no Newtonian state present for values of K less than 7, even if the bed depth is as small as

24 nm.

5.7.2 The Coherent-Expanded (CE) State

As the bed depth is increased further, aerodynamic effects become considerable, and the particles

in the bed begin to act in concert, lifting off together with a gap appearing below the bed. This is

illustrated in Figure 63 on page 236, (a and b) of a bed of 707-um low-density glass spheres with

an equivalent bed depth of 1200 pm at K= 3.5, and also in Figure 65 on page 239 -— (a) to (d),

showing the motion of a 960-um deep bed of FCC through an entire vibrational cycle. The tran-
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sition from the Newtonian-II state to this state for a given particle type occurs at slightly greater

bed depths as the vibrational intensity is increased.

As shown in Figure 63 on page 236, Figure 64 on page 237, a.nd Figure 65(a)-(d), the passage of

gas through the bed, particularly the upward passage as the bed and vessel are forced together, sig-

nificantly expands the bed, with the degree of expansion being greater for finer particles. Since the

bed now acts as a coherent mass, but with a signiiicant expansion, this state can best be described

as a coherent-expanded (CE) state.

As described in the Chapter 4 (§4.5), expanded regions in beds of glass spheres show up as very

bright bands if top-lighting is used. Dark spikes can be seen in Figure 64(a) of a 720-am deep bed

of 177-pm glass spheres vibrated at K= 4, indicating that not all of the bed is expanded at this point

in the cycle. However, later in the cycle, when the upward flow of gas is even greater, the dark re-

gions disappear for a small fraction of the cycle. Looking down from above as shown in

Figure 64(b), the bed is seen to consist almost entirely of symmetric spikes - the bright circular

dots. There is no uniqueness about the symmetry shown in Figure 64(b); sometimes other sym-

metric patterns have also been observed. With a slightly deeper bed, the spikes join together to form

bands as shown in Figure 65(e). The formation of spikes and banded structures are phenomena

only found in small·particle beds, and illustrate the tendency of such particles to group together in

a flow of gas.

The coherent-expanded state is also characterized by a high degree of turbulent particle motion

caused by the violent expansion of the bed in one part of the vibrational cycle. This would re-

commend the CE state for gas-solid mixing purposes. The optimum value of bed depth for radiant

drying reported by Volovik et al. [1975] probably represent a coherent-expanded state. The high

drying rates reported must have been caused by the rapid exposure of all particles within the bed

to the radiant heat source.
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5.7.3 The Coherent-Condensed (CC) State

As the bed depth is increased even further, the degree of bed expansion rapidly decreases. Eventu-

ally, the bed becomes largely condensed, that is, the bed porosity changes only by a minute frac-

tional amount through the entire cycle, and the bed as a whole is in a more "packed' state. The bed

continues to behave as a coherent mass, leading to a description of the state as coherent-condensed

(CC).

The lower dark regions in a top-lit bed of l77-pm glass beads seen in Figure 66 on page

24l — (a and b), represent the condensed section of the bed. With large particles, the appearance

on the condensed state coincides with the complete disappearance of the expanded state; but with

small particles, an expanded layer continues to be seen on the top surface of the bed. Although this

expanded layer appears thick, it consists of only a few particle layers at the top of the bed. As notcd

previously, the expanded layer is seen on top of beds of fme particles, because ofdifferences between

the drag exerted on the looser top layers and that on the more uniformly packed lower layers by

the induced gas flow through the bed.

There is a bulk circulation of particles within the bed once the condensed layer forms. However,

particles move much slower, but in more predictable pattems than for the CE bed.

5.7.4 Bunkering

This is not strictly a different state of the vibrated bed since it is essentially a special configuration

of the vibrated bed. However, the initial occurrence of bunkexing produces marked changes in the

vibrated bed. The bed surface is no longer flat, and particles circulate within the bunker with pat-

tems that are determined by the shape of the top surface. Bunkering occurs most commonly in the

CC state, but for fine powders, it can also occur in the CE state. As described earlier, sma1l·particle
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beds exhibit a tendency to bunker. As seen in Figure 64 on page 237 and Figure 65 on page 239,

fine particles group together to form spikes and bands, even while ir1 the coherent-expanded state.

These spikes and bands soon join together to form mounds, particularly at low values of K , and

these grow to become bunkers as the bed depth is increased.

With 88-um particles and FCC, bunkering starts even while the bed is still in the expanded state

at low values of K. As will be shown later, this early occurrence of bunkering can cause such beds

to prematurely undergo a transition into the coherent~condensed state. The early occurrence of

bunkering in fine—particle beds could be due initially to the presence of inter-particle forces such as

electrostatic forces. This causes particles in a small locality to group together, forming the 'nucleus"

of a bunker. Once these clumps have formed, the distortion of the aerodynamic flow field by these

clumps causes more particles to enter the "wakes”' of the clumps. Once a sufficient number of par-

ticles join the clump, differential pressures occur within it, and bunkering results.

When bunkers initially form, they tend to be unstable at values of K greater than 3. Unstable

bunkers move about the vessel floor, and appear to be moved by sudden flows of gas that are drawn

into the condensed bed close to the lower ends of the bunker. As the size of the bunker grows, it

becomes relatively stable, and can either be center-high as shown in Figure 66 on page 24l(b) or

piled up against a side wall. With small-particle beds, the bunkering remains unstable even at bed

depths of 3 cm when K 2 5.

5.7.5 Quantitative Measurements of Factors Affecting State Transitions

As described earlier, observation of the bed at several different values of K while increasing the bed

depth in very small increments over a wide range, perrnits deterrnination of some of the critical

conditions under which transitions from one state to another occur. The Newtonian state is possi-
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bly only of academic interest; and the transition between Newton-I and Newton·II, although noted

in the experimental study, is not discussed any further in this chapter.

Three dimensionless groups I", W, and A introduced in the discussion of the Kroll and Gutman

models, may be written in an altemative form. The permeability term x, that appears in l" and W,

can be replaced by the Kozeny-Carrnan expression for the bed permeability given by equation {5.6].

The bed density term pb, in A can be written as p,(l — 6) . With these substitutions, the

dimensionless goups may be rewritten as:

P 2 dl—= —·——£E··7—· (—p·)2 [5.51]
1so(1 - 6) pw L

p 3 4 4 [5.52]
l80(l -— s) pw L

°

[$.62]
p_,(l — 6)dpaow

Therefore, logaritlunic plots of these three dimensionless groups as functions of the dimensionless

bed depth, expressed as the number of particle layers (L/ag), will be straight lines if all other factors

are kept constant. In addition, if properties of the fluid and the frequency of vibration are kept

constant, logarithrnic plots of W versus L/db will appear as a family of straight lines, with ab/ci, as

the parameter.

The transitions in bed behavior that are dependent on the aerodynamics of the flow of gas through

the bed might possibly be expressed in terms of these three dimensionless groups. This follows be-

cause combinations of these groups govem the magnitude of the pressure fluctuations below the

bed, the linearity of pressure gradients in the bed, the velocity of the gas Howing through the bed,

and the drag exerted on the bed by the gas How.
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Newtonian to Cohcrent-Expanded

The transition between these two states is determined not just by the aerodynamics of the bed, but

also by the rate at which particles within it loose kinetic energy, and tend to group together. The

transition is therefore probably dependent on some particle properties. However, for glass beads,

which have a high coefficient of restitution, it was found that the bed is always in a coherent-

expanded state when the bed depth exceeds 1.5 for K= 6. The transition occurs slightly sooner at

lower values of K, and for fine·particle beds.

Coherent-Expanded (CE) to Coherent-Condensed (CC)

The dirnensionless group that seems to best describe this transition is W . The group F describes

the effect of gas compressibility. Since transitions from CE to CC occur at ultra-shallow bed depths,

it is unlikely that gas compressibility is a factor that needs to be considered. Figure 67 on page 245

shows a logarithmic plot of W as a function of the bed depth in number of particle layers (L/dp) ,

at constant values of a,/Q . As mentioned previously, these are a family of straight lines, and are

seen as dashed lines in Figure 67 on page 245. For a given particle size, each dashed line then re-

presents a line of constant vibrational amplitude, and if the frequency is fixed, lines of constant K

Transitions from the CE to CC state appear as a series of parallel lines with the position of the line

dependent on the particle size. The data points shown in Figure 67 on page 245 for each particle

size, represent the transition at values of K of 2.5, 3, 4, 5, and 6. For either particle sizes of

707 am or 177 am, transitions occur at exactly the same bed depth for both high- and low-density

glass beads. For 88-am beads, transitions for the two densities of glass beads are not at coincident

values of bed depth when K 2 3, and are represented as two closely spaced parallel lines. Note that

transitions for low-density 88-pm glass beads occur in a slightly shallower bed than for 88-am

high-density glass beads at the same value of K. lt is not clear if this is truly an effect of the dif-
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ference ir1 densities, but it is more likely due to the presence of electrostatic charges fine-particle

beds. This is particularly a problem with low-density glass beads, causing them to stick to the walls

of the vessel. As seen in Figure 67 on page 245, transitions occur prematurely at lower values of

K (K < 3) for 88-pm beads. This premature transition can be explained in terms of the bed

bunkering and will be dealt with in the next section.

The fact that transitions for a given particle size fall on the same line regardless of the density (the

small difference in 88-um beads is more probably caused by electrostatic effects than by differences

in densities), suggests that the range of solid densities used in this study for determining the transi-

tions, is not significant enough to influence the CE to CC transition. Since A mainly determines

the effect of particle density on the transition, no useful purpose would be served by plotting the

transitions as a function of this dimensionless group (at least, for the range of solid densities used

in this study).

Occurrence of Bunkering in the Bed

Figure 68 on page 247, Figure 69 on page 248, and Figure 70 on page 249show both transitions

from the CE to CC states (solid lines) and the onset of bunkering in the beds (thick dashed lines

in Figure 68 on page 247 and Figure 69 on page 248)

With 88·;4m particles (Figure 68 on page 247) bunkering is observed to occur at shallower bed

depths with low-density glass beads than with high-density glass beads. If the transition to

bunkering is compared with the transition from the CE to CC state, the premature transitions at

lower K can be explained. Note that for simplicity, only a single solid line has been drawn in

Figure 68 on page 247to represent transitions from the CE to CC state at higher values of K. This

is not strictly correct, but is an average of the two closely spaced parallel lines shown in Figure 67

on page 245, and will serve to illustrate the point. The dotted line is an extension of this line, and

represents the transitions from the CE to CC state that would be expected at lower values of K if

transitions at higher values of K were extrapolated downward. It can be seen that if bunkering
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occurs before the expected transition from a CE to a CC bed, the CE to CC transition will be

premature. What this means in physical terms is that bunkering in these beds starts even when the

bed is quite shallow, because of the tendency of fine powders to group together. Once bunkering

starts, the bed under each small bunker in the bed quickly becomes condensed, thus causing a

premature transition to the CC state. This set of events is also observed in practice.

As the bed passes a certain depth, bunkering becomes more rapid and almost assured for this par-

ticle size, and is represented by a transition to a steeper slope in the dashed lines representing the

onset of bunkering.

For l77·pm glass beads (Figure 69 on page 248), the bunkering line and the CE to CC transition

line intersect at K= 2.5. This means that in all probability, the CE to CC transitions at values of

K lower than 2.5 will be prernature for this particle size. It should be noted that the onset of

bunkering at a fixed value of K does not always occur at the same value of bed depth for the two

densities of glass beads used. However, at least half of the points are coincident, and it is possible

that errors in judgrnent on the occurrence of bunkering in the bed probably account for the points

that are not coincident.

With 707-um glass beads (Figure 70 on page 249), bunkering only occurs for K values of 2.5 or less,

for bed depths up to 3 cm. For the high-density glass beads, there is only mild bunkering at these

low values of K, and then only in a relatively deep bed.

5.7.5.1 Further Notes on Quantitative Measurements

In this study, transitions between different states have been detected by a visual technique. This calls

for some judgment in determining whether a transition in states has occurred, and is particularly a

problem since some transitions occur when the bed depth is increased by only a few particle layers.

Even so, the transitions are found to be interpolated satisfactoxily by straight lines. However, the
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accuracy and ease of determining a transition could be improved if a less subjective technique were

used. A method to do this will be suggested in Chapter 7.

For the range of conditions covered in this study, the difference in densities between the two types

of glass beads used does not appear to be sufiicient to produce differences in transition points for

a given particle size, other than for the 88-am particles. Even for this size, the differences are slight

and are probably caused by the presence of electrostatic charges, which are more problematic in

88-pm low~density glass beads. This does not mean that the solid density is unimportant. Obvi-

ously differences between light plastic and copper particles of the same size, for example, would

most probably show up, even within the range of other conditions considered in this study. In that

case, additional plots of A (which contains the solid density) as a function of bed depth would also

be necessary.

It should be emphasized that the method of quantitatively representing transitions between different

states adopted in this study, is only a first attempt at producing a quantitative description of the

transitions, and is included primarily to show that the transitions between vibrated-bed states is

quantifiable. It is possible that there are other combinations of dimensionless groups which will

better describe the transitions.

5.8 The Basis of a More Comprehensive 1Wodel

In this section, requirements for a comprehensive model of the vibrated bed that include some

factors lefi out of previous models, but which this study shows are important, will be discussed.

Because of a lack of complete data, the model cannot be solved here. The mathematical treatment

of the vibrated bed in this section must only be regarded as laying the ground·work for further

quantitative analysis of the bed.
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A more comprehensive model must include most importantly, for two additional features not in-

cluded in current models.

l. The model must include more than one dimension. For most beds, symmetry will allow a

treatment of two dimensions, instead of three.

2. lt should include the effects of bed expansion. The porosity of the bed is a function of both

time and space.

5.8.1 Mathematical Analysis

Consider an elemental volume of the bed which is sufliciently small that at any given instant, there

are negligible spatial variations of the local porosity across it. The average porosity of a small vol-

ume that includes only two particles would not vary across the volume at any given instant. Let this

local porosity be designated 6, since it varies with time and spatial position within the bed. An

equation of continuity for the flow of gas through this volume can be written as:

ö(= p)
V(evpul) [5.54]

where u, is the interstitial velocity of the gas in the bed. A localized form of Darcy’s equation, such

as that used for compressible filter cakes [Ward,l987], is:

VP [5.55]

where 14 is the gas viscosity. Since the porosity is time- and space·variant, the pexmeability rc, re-

presents a localized permeability constant. x, varies both with time and spatial position. Substi-

tuting for the interstitial velocity in the equation of continuity gives:

ö(+=vp) 1= -T V[px„VP] [5.56]
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From ideal gas theory, p = (p,/P,)P, where p, is the gas density at (atmospheric) pressure P, .

Substituting in equation [5.56] for the density and expanding gives:

öP% + ev = — [x,,(VP)2 + PVx,,VP + PV1cvV2P:| [5.57]

Assuming small changes in P as in the one-dirnensional model, x,(VP)' < Px,V*P and P=P,.

Therefore:

ösv öP P0 2

This equation cannot be solved any further without a knowledge of 6, = f(x,y,z,z) . Such a function

for 6, will also determine x, at any location at any given instant.

Variations in Bed Porosity

If porosity variations are negligible, (ö6,/öl) —» 0, Vx, —• 0 , and equation [5.58] becomes a three-

dimensional equivalent of the Gutman model. lf the bed is not bunkered, the model reduces to the

one-dimensional Gutman equation, as is the case with large-particle beds. Furthermore, with such

beds, gas-compressibility effects are negligible, and the Kroll model suffices.

The phase lag between the instant of lift—oll” calculated from the Gutman model and the observed

separation of the bed from the vessel floor suggests that the bed does not lift-off the vessel floor as

soon as the sum of forces on the bed equals zero, as assumed by the rigid-mass model. lnstead, the

bed expands while the gas is flowing into it. lt barely remains in contact with the vessel floor, so

that the normal force on the bed is equal to zero during this period. When the bed has expanded

by some amount 66, it separates from the vessel floor. lt is possible that this expansion is that re-

quired to permit motion of particles over one another. An estimation of 66 using measured pres-

sures and the one-dimensional Gutman model (§5.2.7) shows that the increase in porosity required

to cause the phase lag in the observed bed-vessel separation is small (in the order of l to 2 percent).
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If the bed expansion in the period between the instants of null force on the bed and bed-vessel

separation may be assumed to be uniform over the whole bed, e, will be a function of time alone.

Methods for experimentally deterrnining s, = f(t) are discussed later in this section. With a know-

ledge of this function, equation [5.58] can be solved in the period between the null~force instant and

the instant of bed-vessel separation.

While the bed is in flight, but before it starts to collide with the vessel floor, the bed expansion is

detemiined by the variation of drag forces on different sections of the bed. lf the effect of gas

compressibility is large, the pressure gradient across the bed will be highly nonlinear as shown in

Figure 25 on page 128. When the bed is considered to be nonrigid, the nonlinear drag forces re-

sulting from these pressure gradients, will cause differences in the acceleration of different spatial

locations within the bed, that is, tensile stresses are set up within the bed structure. These stresses

cause a relative motion of each location within the bed, resulting in bed expansion. The spatial

variation in porosity will lead to further variations in drag forces across the bed, and so on.

The value of the compressibility factor I", at which this occurs must represent the point
lat

which

the (one-dimensional) Gutman model breaks down, since that model is based on a porous rigid-

mass assumption. Gutman [l974,l976a| has suggested that his model breaks down when
1“

< 0.125 based on experimental evidence. Examination of Figure 25 on page 128 shows that this

value of F represents a considerable deviation from a linear pressure gradient. Values of F for the

beds and vibrational conditions used in this study are larger than this value. Observation of the bed

shows that when compressibility effects cause a significant deviation of the pressure gradient from

linearity, the bed no longer lifis off the vessel floor through the entire vibrational cycle for

vibrational intensities under which it maintains a stable configuration. Although it is always pos-

sible to increase the vessel acceleration to the point at which such a bed lifts off the floor, the bed

will be extremely unstable, swinging from side-to~side within the vessel. lt is possible to obtain the

expansion of a bed due to the differential pressure gradients through it by performing force balances

on elemental volumes within the bed and integrating over the whole bed. This is facilitated by the

simplicity of the lower boundary condition (ÖP,/öz = 0) if the bed remains in contact the vessel floor
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through the entire vibrational cycle. Another approach would be to model the bed as a viscoelastic

mass. However, the analysis of vibrated beds with highly nonlinear pressure gradients will not be

pursued any further in this study.

There is a dilferential drag force acting on the expanded zone on the top surface of the bed as de-

scribed earlier. However, this zone constitutes such a minute fraction of the bed mass (provided the

bed is more than a few millimeters deep) that the differential motion ofparticles in this zone relative

to the rest of the bed has only a negligible effect on the motion of the center of gravity of the bed.

The dynarnics of the expanded zone is alfected by the dynamics of the condensed zone below it,

but not vice versa. The mechanics of the expanded zone may be treated as a separate problem

which depends of the solution of the model for the condensed zone.

5.8.1.1 Boundary Conditions and Equations ofMotion

The three-dirnensional problem can be somewhat simpliiied if only symmetric conligurations are

considered. Because of the symmetry of the bed about its center line, only one half need be con-

sidered. Figure 7l on page 256 shows the four boundaries that must be considered. Because of

bunkering, each boundary is not necessarily normal to its adjacent neighbors.

At the wall, since there is no llux across the wall:

öP-4
I - o [6.69]

öx X=R

where R is the half·width of the bed in the major horizontal direction. At the center of the bed,

symmetry gives:

ÖP-4 I = 0 [5.60]
ax X=O
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Figure 71. Schematlc representatlon of the bed lor the multl-dimenslonal model: The bed is
symmetric in the third dimension, so only two dimensions need be considered. With
center—high bunkering, only one half of the bed need be considered. Notation: P -pressure; P, - atmospheric pressure; (6P,/öx) - horizontal pressure gradient; z - vertical
ordinate; x - horizontal ordinate. The width of the bed is w, (into the plane of the pa-
per).
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Along the (sloped) top surface:

P = P, [5.61]

The slope of the top surface is given by:

· öP [6.49]

The normal pressure gradient at the surface (öP„/ön), is the resultant of horizontal and vertical

pressure gradients at the surface.

The boundary condition at the lower boundary depends on whether the bed is in flight, or is in

contact with the vessel floor. lf the bed is in contact with the floor, the condition that there is no

flux of gas across the floor leads to:

öP _
az [5.62]

where L, is the depth of the bed at any horizontal location x . By referring to Figure 71 on page

256, it is seen that the depth of the bed at any point is given by:

Lx=Lw+(R*X)l„2.1’1ß [5.63]

where L, is the depth of the bed at the wall (not including the gap).
i

As stated above, experimental Observation shows that for all practical purposes, a gap will appear

at the bottom of the bed only if the pressure gradient through the bed is linear (I" > 0.125). Under

these conditions, it can be assumed that porosity variations during the flight period are negligible,

and a simplified form of equation [5.58] can be used during this period. The porosity during the

flight period can be written as 6, and the permeability as x.
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Suppose that a gap of thickness r, has fonned at a given time t at a horizontal location x beneath

the bed. Consider a small horizontal area along the bottom of the bed of thickness öx, as shown

in Figure 71 on page 256, which is small enough that the thickness of the gap does not vary be-

tween x and x + öx. lf variations in the y-coordinate can be neglected, the width of the area may

be taken as w,,, the width of the bed in the y-direction. The mass flow rate of gas across this area

into the gap is:

öP

The vertical pressure gradient in the gap can be assumed to be zero. As there are no particles within

the gap, the resistance to flow within it is negligible compared to that in the bed, so this is a rea-

sonable assumption.

Consider a small volume within the gap immediately below this area, whose cross-sectional area is

also 6xw,,. The height of the volume is s, The elemental volume is bound on three sides by solid

walls through which there can be no flow. The top surface is bound by the bed, and the flow into

this top surface equals the flow rate of gas across the bed-gap boundary. A mass balance across the

volume can be written as :

ö(: p ) ÖPwböx ·-gf = wb:x[pulx — puIx+6x] — wböxp [5.65]

where p, is the gas density at the location x beneath the bed. Dividing through by w,,6x and taking

the limit as öx —• 0:

vc öP
I7** ax

“"*#
az hl, [566]

This equation of continuity contains the horizontal velocity of the gas, 11,,, within the gap. If an

inviscid flow of gas is assumed, there will be no velocity gradients in either the vertical direction,

or along the width of the bed (the y- direction). ln addition, if pressure variations are small,
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(öp/ät) < (OS,/ät) and p -• po With these simplilications, the equation of continuity for the flow

of gas in the gap becomes:

Ösx Ö(Pux) rc öPpo öt
—Sx

öx "po llazThe

gap thickness s, can be obtained by considering a force balance on the bed. As stated above,

this analysis is restricted to beds which do not undergo significant porosity variations during the

flight period. Therefore, a thin vertical slice across the bed of horizontal thickness öx can be con-

sidered as shown in Figure 7l on page 256. By making öx small enough, the horizontal pressure

gradient across the strip can be neglected in comparison with the vertical pressure gradient. Al-

though particles move in and out of this strip, the net quantity of mass within the strip remains

constant with time. Thus, the motion of the center of gravity of the strip is only affected by the

vertical trajectory of the strip. The trajectory of the strip at any instant is equal to the sum of the

thickness s, of the gap and the vertical displacement a of the vessel. Since only cases where the

pressure gradient is not severely nonlinear are being considered, the drag force on the entire strip

can be written in terms of the overall pressure gradient across it. A force balance similar to that for

a one·dimensional bed can be written for the strip:

dzrx 2 PL, - Po———— = a sin( r) — +
—l— [5.68]aß

”“’ ‘” g PbLx
where PL, is the floor pressure at the horizontal location x . By combining equations [5.68] with

equation [5.67], the lower boundary condition can be written for the bed while it is flight, and before

the bed-vessel collision starts:

..l.L L _LL.<?L| -2-Po
öl (rx ax az klo!) - aoco SlI1(LD!) g + PÖLX [5.69]

This is a difficult boundary condition to use, even though several simplifications are included. Note

that it contains the term (P2_,u,) . This term cannot be directly written in terms of a horizontal

pressure gradient through the use of the Hagen—Poiseuille law, because of the unsteady·state nature
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of this problem. lf the flow is inviscid, the Euler approximation to the equation of motion applies

[Bird et aI.,l960[, and ö(P,_„u„)/öx can be written in terms of (öu,/öl) and (öP,_„/öx) . Even so, the

boundary condition is complex, since it is in itself an unsteady·state boundary-value differential

equation. So far this analysis has not included the additional complications of the bed-vessel colli-

sion process, which can no longer be treated as an instantaneous event in the two·dirnensional

system. Nor has it included the effects of a highly nonlinear pressure gradient.

5.8.2 A Semi-Empirical Approach to Modeling the Bed

It is debatable whether any useful purpose will be served by solving a model as complex as the one

discussed above. It is perhaps more useful to adopt a serni·empirical approach to describing the

two-dirnensional vibrated bed.

With such an approach, floor pressures at the bottom of the bed are directly measured at three

different horizontal locations over one vibrational cycle. lf the bed is symmetric about a center line,

pressure measurements can be made in one half of the bed. The gas-flux conditions give

(öP,_/öx) = 0 at the wall and center. Floor pressures can be interpolated as a function of horizontal

location x at any given instant by using an cubic spline interpolating function P9), which will be

unique, given the boundary conditions and the pressures at three locations. Obviously if floor

pressures are measured at more than three horizontal locations, the interpolating function will be

more accurate.

Owing to its highly periodic form, the floor pressure at each horizontal location can be related to

the phase angle of vibration by representing it as a Fourier series of the form:

Il
CO . • .P(0) = + 2(Q cosj8 + Q sm;9) [5.70]
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The Fourier coefficients c„, c,_ , c„, and d,_ , d„ can be deterrnined from the experimental data.

These two interpolating functions give an empirical description of the lower boundary condition

at all times during the cycle. Equation {5.58] can now be solved over the whole cycle to give the

pressure at any point within the bed, and as a consequence, gas velocities. The equation of motion

for each horizontal location within the bed can be solved using the measured pressures to give the

gap thickness as a function of the horizontal ordinate x and time. By using the solution of the

equation of motion in equation [5.67], gas velocities within the gap may also be obtained.

The semi-empirical approach requires the measurement of pressures at least at three locations along

the floor, but when compared to the mathematical effort required to solve the two·dimensional

model in its analytical form, even with several simplifying assumptions, it is a practical attractive

engineering approach that yields all the aerodynarnic information necessary. Once gas velocities

have been estimated, particle circulation rates may also be obtained.

5.8.2.1 Estimating Bed Expansion by the Semi-Empirical Method.

The expansion of the bed during the process of lift-off (the period between the instant at which the

net force on the bed equals zero and the actual separation of the bed and vessel floor) ca.n be esti-

mated by solving the model with measured pressures to obtain the instant of null—force, and cal-

culating the net flow of gas between this instant and the experimentally observed instant of

bed-vessel separation. lf the bed expands at the same rate at which the gas flows into it, it barely

remains in contact with the vessel floor, and the gap size may be assumed to be equal to zero during

this period. By equating the rate of bed expansion to the rate at which gas flows into the bed, the

total bed expansion during this period, 66, may be calculated. Furthermore, if the bed is assumed

to expand uniformly during this period, e, = f(z) may also be obtained.
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As the bed collides with the vessel floor, a compaction wave passes through the bed, The semi-

empirical solution through use of the equation of motion will determine the horizontal component

of the wave propagation velocity. However, the vertical propagation velocity must be exper-

imentally determined. Since the collision process reverses the expansion of the bed during the "lift-

off' period, the diüerence in porosity across the wave is 66 .

5.9 Summary

The most important results regarding aspects of vibrated bed dynamics covered in this study, may

be briefly summarized as follows:

1. Both Kroll and Gutman models may be written in dirnensionless form for easy manipulation

2. Floor pressures measured beneath the bed show the same cyclic features as those obtained in

previous studies.

3. Floor pressures are found to vary with horizontal position in small-particle beds which are not

very permeable to gas flows. In other words, a horizontal scale-effect on floor pressures is

noted.

4. When horizontal pressure gradients develop within a bed, they give rise to bed bunkering, in

which the bed piles up unevenly within the vessel. Three types of bunker configuration can

occur: a center·high configuration, a wall-high configuration, and a center-shallow configura-

tion.

5. The angle of bunkering appears to be determined by the horizontal and vertical pressure gra-

dients that develop across the top surface of the bed, as the bed collides with the vessel base.
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6. In bunkered beds, particle motion which is driven by horizontal interstitial gas flows, takes

place only while the bed is in flight. The direction of particle motion is from shallow regions

of the bed toward deeper regions, except for a narrow region along the bed surface where par-

ticles return to the shllow section of the bed.

7. In non-bunkered beds, particle motion is downward at the walls within two or three wall-

adjacent particle layers, and upward evexywhere else. Particle motion is driven by wall-friction

effects.

8. The observed instant of bed-vessel separation lags the theoretical instant of bed lift-off by se-

veral degrees. This is most probably due to a slight expansion of the bed while it attempts to

separate from the vessel floor.

9. The bed does not collide uniformly with the vessel floor. instead, the bed-vessel collision oc-

curs first at the vessel walls, and last at the center of the bed. As the bed collides with the floor

a compression wave is observed to travel diagonally through the bed. Behind the compaction

wave the bed enters a packed irnmobile state, and remains that way until the following

vibrational cycle.

10. Beds of fine aeratable powders do not collapse into a packed form by the end ofone vibrational

cycle. As a result they continue to draw in air and expand over several cycles. Finally, a critical

volume is reached when the gas within the bed is suddenly expelled with one vibrational cycle.

ll. An expanded zone is observed along the top surface of small·particle bunkered beds. The ex-

panded zone is fonned by differential drag effects on the top-most particle layers which are

more loosely packed than the rest of the bed.

12. Different "states' of the vibrated bed are identified. Each state has a unique set of characteristics

that dilferentiate it from other vibrated-bed states.
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13. The two-dimensional model is difficult to solve for two reasons:

a. the unsteady-state nature of the gas How within the air gap beneath the bed, and

b. the expansion of the bed is largely unknown.

Instead of solving the model in a purely analytical form, it might be easier to employ a semi-

empirical technique that uses experirnentally measured Hoor pressures at three horizontal lo-

cations beneath the bed.
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6.0 Heat Transfer - Results and Discussion

6.1 Measnred Su1face—t0-Bed Heat- Transfer Coeßicients

Heat-transfer coefficients are measured for several sizes of Master Beads and some sizes of glass

beads of both high and low densities. Trends in the measured values are discussed below for each

type of solid.

6.1.1 Heat-Transfer Coefficients for Master Beads

Surface-to-bed heat-transfer coefficients are measured as described in Section 4.7. The immersed

surface is a horizontally placed tube with a diameter of 12.7 mm (§3.3.4). The center of the tube

is located 20 mm above the floor of the vessel.

A11 heat-transfer measurements are made with an average heater surface temperature between 80

and 90°C. As described in Section 4.7, the probe temperature is the average reading of four

thermocouples located at various positions along the length and circumference of the heater tube.
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The heat probe is designed to maintain a constant temperature along the entire surface. The highest

and lowest temperatures read by the four therrnocouples on the surface vary by at most 2.5°C, if

the heat flux into the bed is high. Considering that therrnocouples are only accurate to i l°C, the

surface temperature can be considered to be uniform for all practical purposes. Assuming a steady

state, an overall heat-transfer coefficient is calculated using Newton’s law of cooling,

Qh- [6.1]

In this equation, h is the overall surface-to·bed heat-transfer coefficient, Q is the heat input to the

heater in Watts, SP is the surface area of the heater tube, ®, is the average temperature of the heater

surface, and ®,, is the average bed temperature. The bed temperature is based on the average of the

readings of six therrnocouples that represent major mixing paths within the bed.

Heat·transfer coefiicients measured in 3-cm deep beds of Master Beads are shown in Figure 72 on

page 267 and in Table 9 on page 270, as a function of the vibrational intensity parameter K, for

various particle sizes. With the exception of two values (shown as darkened squares in Figure 72

on page 267), all measurements are made with a center·high bunker configuration — if bunkering

is present. Since a heat·transfer tube is present within the bed, the top of the bunkered bed is not

dome-shaped, but rather peaked above the length of the heat-transfer tube. The effect of this con-

figuration on circulation pattems in the vicinity of the heat-transfer surfaces will be discussed later.

The two solid squares represent wall-high bed configurations in which the flow of solids is normal

to the horizontal axis of the heater tube, as shown in Figure 59 on page 218 in Section 5.5.1.

Features of the graphs of heat·transfer coeflicients to be noted are:

l. With all particle sizes, the heat-transfer coefficient increases from its value at K= 2, as the value

of K is increased.
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2. With the two largest particle sizes (707 and 500 pm), the heat-transfer coefficient reaches a

maximum at K= 3 and then flattens out at this value.

3. The rate of increase in the heat-transfer coeflicient with increasing K beyond K= 2 is greater

as the particle size is reduced from 707 to 177 pm.

4. For particle sizes from 353 to 177 pm, heat·transfer coefficients pass through a maximum as

K is increased.

5. The location of the maximum heat-transfer coefficient shifts to higher values of K as the par-

ticle size is reduced.

6. For the two smallest particle sizes (125 and 88 pm), a maximum heat-transfer coefficient is

not reached within the range of K-values considered. With these two particle sizes, it is im-

possible to keep the bed stable (for any bed configuration) at values of K greater than 5. The

bed rocks from side to side within the vessel, exposing the heat-transfer surface for several

seconds at a time. This causes wild swings in the temperature of the heater, and a steady state

cannot be achieved. However, the shape of the curve for the 125-pm Master Beads indicates

that the heat-transfer coefficient is approaching a maximum value.

7. For any value of K greater than 2, a particle size of 177 pm always yields the highest heat-

transfer coefiicient. At K= 2, the highest heat-transfer coeflicient is achieved with a particle size

of 353 pm.

8. Heat-transfer coefficients obtained with a 'normal' flow pattem (associated with wall-hugh

bunkering) past the heat-transfer tube are each about 100 W/mz-K higher than corresponding

heat·transfer coefficients obtained with a center-high configuration.

9. The highest value of heat-transfer coeflicient measured is 484 W/mz-K for the 177-am

Master Beads at K= 6.
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As described in Chapter 4, heat-transfer data are collected several times over a period of 30 to 40

minutes after the bed has reached a steady state. Usually, six to eight values of the heat-transfer

coeflicient are obtained for each particle at each value of the vibrational intensity parameter K.

Average heat-transfer coeflicients and 95% confidence intervals (C.I.) on the data are given in

Table 9 on page 270. The 95% C.l.s give an indication of the spread of the data. The power to the

heater is strictly controlled, and the arnbient temperature in the laboratory varies at most by 2 to

3°C during the course of an experiment. Therefore, variations in heat-transfer coefficients for one

set of operating conditions must come from ”instabilities" in the heat-transfer process within the

bed. Observation during data acquisition indicates instabilities in the configuration of some

bunkered beds. When the center-high configuration becomes unstable during the course of a heat-

transfer experiment, the circulation pattern of particles near the probe changes. The bed must be

pushed back into place as it first becomes unstable.

For particle sizes of 707 and 500 pm, there are no instabilities in the bed configuration. As observed

in Chapter 5, bunkering is not pronounced in large-particle beds. Since the bed remains essentially

flat on top, and no horizontal pressure gradients are developed within the bed, there is little that

can cause the bed to become unstable if vibrations are applied in a strictly vertical direction. This

is reflected in the low values of the 95% C.I.s for these particle sizes.

As the particle size is reduced and bunkering occurs, the 95% C.I.s become larger in value. The

instabilities are still not severe for 353-pm particles, but the 95% C.I.s for this particle size are on

the average larger than those for bigger particle sizes. With particle sizes of 229 pm and less, the

95% C.I.s are noticeably larger. Initially the 95% C.I.s are largest at K= 2. At this low value of

K, the position of the bunker is very dependent on the direction of vibration. Over the course of

one experimental run (about one hour), the direction of vibration usually deviates slightly from

vertical, leading to bed instabilities. The instability can be corrected as it occurs by slightly adjusting

the tensions of the leaf springs until the peak in the bunker is in the center of the bed again. Because
‘ of the low rate of heat transfer from the surface to the bed, as well as from the bed to the sur-
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Table 9. Experimentally measured surface-to-bed heat-transfer coefllcients for Master Beads

Particle Size Range Nominal Vibrational Heat-Transfer 95% Conlidence
(U.S. Standard Mesh) Size Intensity Coeflicient,h Interval for h

(pm) Parameter,K (W/mz-K) (W/mz-K)

-20+30 707 2 102.1 :0.4
3 177.1 :0.6
4 170.9 :0.8
5 171.7 :2.0

-30+40 2 139.6 :2.0
3 201.2 :0.9
4 196.9 :1.1
5 194.0 :0.3
6 201.4 :1.3

-40+50 353 2 209.6 :1.4
3 235.5 :2.4
4 274.7 :1.6
5 250.8 :1.3
6 245.0 :1.7

-60+70 229 2 168.5 :5.0
3 331.3 :2.7
4 367.5 :2.7
5 396.7 :1.4
6 376.3 :2.2

-60+100* 203 2 159.4 :7.0
3 306.2 :2.0
4 391.2 :2.7
5 425.8 :1.8
6 453.8 :1.9
5 441.5 :3.0

table continued on the following page
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Table 9 contlnued

Particle Size Range Nominal Vibrational Heat-Transfer 95% Conlidence
(U.S. Standard Mesh) Size lntensity Coeflicient,h Interval for h

(pm) Parameter,K (WV/mz-K) (\V/mz-K)

-70+100 177 2 131.3 :6.0
3 320.9 :2.5
4 404.2 :2.9
4.5 433.0 :4.82
5 449.9 :1.8
6 483.7 :1.8
7 475.6 :3.4

-100+140 125 2 46.2 :2.1
3 167.2 :0.4
4 246.7 .:4.7
5 288.2 :12.5
43 353.2 :3.3
53 383.2 :8.7

-140+200 88 2 64.2 :5.5
3 118.4 :0.7
4 191.5 :1.5
5 239.8 :10.7

1 - 50/50 mixture by volume of -60+ 70 and -70+ 100

2 ~ average value based on a limited number of experimental points

3 - data obtained with "norma1" flow past the heat·transfer tube
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roundings at K= 2, the bed temperature takes a longer tirne to return to its original value after an

instability has been corrected than at higher values of K.

For particle sizes of 203 um and smaller, values of the 95% C.I.s also increase at higher values of

K. In this case, the bunker configuration becomes unstable because of increased agitation within the

bed. The two halves of the center-high bunker do not remain perfectly syrnmetric to each other,

and this leads to instabilities. The problem is especially severe for 125- and 88-pm particles. With

these particle sizes, the larger vertical pressure gradients occasionally cause depressions in the surface

as the gas attempts to rush into the bed. When this happens, the symrnetry of the center-high

configuration is lost and the bed configuration becomes unstable. The exceptionally large values

of the 95% C.I.s at K= 5 for 125- and 88·;4m particles reflect these instabilities in bed configuration.

The 95% C.I.s are smaller for the wall-high configuration (leading to normal flow past the heater),

indicating as observed in Chapter 5 (§5.5.l) that this bed configuration is inherently more stable

than the center-high configuration.

6.1.2 Heat—Transfer Coefficients for Glass Beads

Heat·transfer coefficients are measured for glass beads of both high and low densities using particles

sizes of 88, 177, and 707 pm. These values are plotted as a function of the vibrational intensity

parameter K, in Figure 73 on page 273, which also shows for comparison, the equivalent data for

Master Beads. Values of the heat·transfer coeflicient and corresponding 95% confidence intervals

(C.I.s) are given in Table 10 on page 274.

Trends in heat-transfer coeflicients for glass beads are approximately the same as for Master Beads.

Heat·transfer coefiicients for 707-pm glass beads also approach a limiting value; but surprisingly,

it is somewhat higher than the equivalent limiting value for 707-um Master Beads. This result is

unexpected because all properties relevant to heat transfer: density p,, thermal conductivity k,, and
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Table 10. Experlmentally measured sur1ace·to-bed heat·transfer coefflcients fer glass beads

Low-Density Glass High·Density Glass
Particle Vibrational Heat-Transfer 95% Heat-Transfer 95%

Size Intensity Coefiicicnt CI Coeflicicnt Ci
(microns) Parametcr,K (W/m’·K) (W/m’~K) (W/m2·K) (W/mz-K)

707 2 110.9 :1.09 114.2 :0.35
3 177.3 :0.83 166.9 :1.00
4 192.6 :0.80 199.6 :0.88
5 207.3 :0.50 202.8 :0.82
6 210.7 :0.55 196.3 :2.14

177 2 (a) -·- 81.0 :1.76
3 192.6 :1.47 259.5 :1.62
4 300.9* :2.16 395.2 :1.87

308 . 7 Z :7 . 09
5 325.0 :3.40 (a.) -·-
5.5 351.5 :1.63 (a.) ---

88 2 44.8 :1.04 52.7 :3.04
3 95.4 :0.70 131.1 :0.75
4 146.6 :0.63 175.2 :5.01
5 187.2 :2.75 (a.) ——-

(a) - bed configuration too unstable for accurate measurement

1 - measurement made with humidiüed air within the bed

2 - measurement made with bone-dry air within the bed
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heat capacity cw, are lower for low-density glass beads than for Master Beads. The therrnal

diffusivity a( = k,/p,c„), which is the controlling transport property for transient therrnal diffusion

is 14.93 x 10°° mz/s for Master Beads and 0.75 x l0'° mz/s for low-density glass beads. The

thermal heat capacity (p,c„), which detemiines the quantity of heat that may be transferred by a

single pazticle from the heater surface to the bed (for a given rise in the temperature of the particle

as it contacts the heater), has a value of 2.41 x l0°
J/m’-K

for Master Beads, and a value of

1.88 x l0° J/m’-K for low-density glass beads.

Heat-transfer coeflicients for 177-pm low-density glass beads are lower than for equivalently sized

Master Beads, whereas the values for 177-pm high-density glass beads are approximately the same

as for Master Beads. With 88-um particles, heat-transfer coellicients for Master Beads are close

to those for glass beads up to K=4. Beyond that, heat-transfer coellicients for Master Beads in-

crease faster with increasing K, than do those for glass beads.

Heat-transfer coefficients are more difficult to establish in beds of glass beads because of the pres-

ence of electrostatic charges within the bed. The problem is particularly bad with particle sizes of

177 and 88 pm. The charges become more problematic as the temperature of the bed is increased

and moisture is driven out of the bed. They cause particles to cling together, and to the walls,

causing severe limitations in the bed mobility, and also leading to instabilities in the bed config-

uration. The particles also stick to the heat-transfer surface because of the charges. When this

happens, the temperature of the probe rapidly increases because the heat-transfer coeflicient drops

sharply. For 177-pm particles, they drop by almost 100 W/mz-K; and for 88-nm particles the

heat-transfer coefficient approaches fixed-bed values (50 W/mz-K). Removing the bed from the

vessel reveals that particles form a layer coating the heat-transfer surface. With 177-pm particles, the

layer is usually 1 to 2 particle layers thick; with 88-pm particles, the layer can be up to 2~3 mm

thick. The layers are usually stuck sulliciently hard onto the tube surface, that a fair amount of force

is required to remove them. It should be noted that the design of the heat-transfer probe and sup-

ports does not provide for an electrically grounded surface. However, running a ground wire to the

surface does not help the situation either. What happens then is that the particles start to stick
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together in the "dead" region of lowered particle circulation which forms below the probe. This

builds up, and forms a "crust' around the heater. When the heat-transfer probe is placed within a

gas·f1uidized bed, glass particles can be observed to stick to the surface due to electrostatic charges.

However, the frequent passage of bubbles (that reach the tube from below) washes away the

build-up, except for a small cap of particles right on top of the tube. Although electrostatic forces

are most severe in small·particle beds, they are not absent with 707-pm particles. The forces are

strong enough to cause particles of this size to cling to the walls at low K. The electrostatic problem

is elimiriated to some degree by continuously passing l00·percent humidilied air over the bed at low

velocities.

The values of the 95% C.I.s given in Table l0 on page 274 further emphasize the configuration

instabilities and electrostatic problems encountered with glass beads. The values are small for

707-um particles where electrostatic and instability problems are small. With 177-pm particles, the

96% C.I.s are larger. Two values are shown at K=4 for low-density l77·p.m glass beads. One is

with hurnidified air and the other is without. Although the average values are approximately the

same, the 95% C.I. is much larger on the heat·transfer obtained with no hurnidification. The higher

degrees of agitation in the bed at K= 5 prevents the bed from building up on the probe. Temper-

atures do not fluctuate as they do at lower values of K, resulting in lower values of the 95% C.I.

With the exception of the one point noted ir1 Table 10 on page 274, all other values are collected

with the use of hurnidified air. This elirninates static to the degree that particles no longer stick onto

the heater, but it does not eliminate bed configuration instabilities. With 177-um low-density glass

beads, the maximum value of K that can be reached before the center-high configuration becomes

very unstable is 5.5; for 177-um high-density glass beads, the maximum K possible is only 4.

With 88-um glass beads, the center-high configuration is unstable at all values of K, and the bed

has to bc forcibly restrained from adopting a wall~high configuration. The major path of particle

movement from one half of the bed to the other as the center-high configuration becomes unstable,

is below the probe supports. Placing a thin sheet of rubber below the supports provides a non-
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conductive barrier to the movement, and prevents the center·high bunker from becoming unstable

until K= 4 for high-density glass beads and K= 5 for low-density glass beads. Because the bed is

forcibly restrained, the 95% C.1.s for the 88-am glass beads cannot be directly compared with those

for other particles.

6.1.3 Possible Sources of Error in the Measurements

There are some potential sources of experimental error involved in the measurement ofheat-transfer

coefiicients. These are discussed individually in the following sub-sections. Methods to reduce or

elirninate these sources of errors will be suggested in the Chapter 7, as recommendations for future

work.

6.1.3.1 Estimating the Bed Temperature

The bed temperature, (-9,, is the average reading of six thermocouples positioned as shown in

Figure 12 on page 60. The two therrnocouples closest to the heat-transfer probe (2 and 5), which

are in the direct path of hot particles, usually read a few degrees higher than the others. Heat-

transfer coefficients based only on these two temperatures are in general about 8-10% higher than

those based on the average of six readings. When the difference in temperatures between the two

closest thermocouples and others in the bed is large, the heat-transfer coeliicient based on the higher

readings can be up to 15% higher. Thermocouples 1,3,4, and 6 represent solid mixing longitudinal

to the probe. For large particles, the horizontal mixing in the bed is poor, and the heat does not

reach these thermocouples as etiiciently as it does the two closest ones. Thus the error arising out

of incorrectly estimating the bed temperature is greatest if the particle size is large, or if the

vibrational intensity is low. lf the bed were uniforrnly heated by a heat-transfer tube that runs along

the entire diameter of the bed (which would be the case in practice, if for example, a steam heating
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tube runs through the bed), heat-transfer coeflicients, would be closer to those estirnated by using

only the two highest readings of the therrnocouples within the bed.

6.1.3.2 Heat Conduction Through the Heater Supports

There are two ways in which the passage of heat directly from the heater to its supports, can lead

to errors:

1. The heat from the probe conducts down the supports and is transferred into the bed. This leads

to an error, since the amount of surface available for heat transfer is now greater than just the

surface area of the heat-transfer probe.

2. Some of the heat conducted down the supports will reach the ends of the supports where it is

lost to the surroundings. This causes an error, since the total heat tlow into the bed no longer

equals the power supplied to the heater, as required by equation [6.1].

To reduce these sources of error, a rubber washer is inserted between the Lexan supports and the

copper probe as shown in Figure 74 on page 279. In addition, the protrusion of the copper body

that fits into the Lexan support is coated with a thin layer of rubber compound. The conductivity

of rubber is low (0.012 W/m-K). By comparison, the thermal conductivity of copper is

400 W/m·K, and for Lexan is 0.21 W/m-K. The rubber insulations reduce the heat loss through

the supports significantly, but not completely.

Fortunately, it is possible to obtain a reasonably accurate estimate of the error introduced from

conduction losses through the support, if the temperature at one end of the Lexan support is

monitored. As shown in Figure 74 on page 279, 6.35 mm of the Lexan support is in intimate

contact with the copper probe body, since it lits over the protrusion at the end of the probe. Since

the copper is at a constant temperature, this 6.35 mm of Lexan can also be assumed to be at a

constant temperature (although lower than the temperature of the copper). The rubber washer be-
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Figure 74. Schematlc repreeentatlon of the heat-transfer probe and its supports: Illustration of
one half of the probe and its support at one end. The structure ls symmetric about the
center line. Notation: I, - length of the main body of the copper heat-transfer probe; I,
- length to the end of the copper heat-transfer probe; I, - distance from the center line
to the end of the Lexan section; I, - distance from the center line to the end of the steel
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tween the Lexan ar1d copper body prevents a siguiticant amount of heat from entering the Lexan

support at this end. As shown in Figure 74 on page 279, a therrnocouple is implanted in the Lexan,

close to the end of the copper protrusion.

By making the following assumptions, heat losses through the probe supports can be mathemat-

ically analyzed:

l. The 6.35 mm of Lexan which tits over the copper protrusion is at a uniform temperature 6),,

which is the temperature measured by the implanted thermocouple.

2. Since the Lexan and steel sections of the support are of exactly the same diameter as the copper

heat-transfer probe, the heat-transfer coefticient on the Lexan and steel surfaces are the same

as for the heat-transfer probe.

3. Heat·transfer coetlicients do not vary with angular position. This assumption has already been

made in calculating the overall heat-transfer coeftlcient.

4. There are no radial or circumferential variations in the temperature within the Lexan or steel

sections of the support. That is, the only temperature variation is along the length of the sup-

port. If the heat-transfer coefticient is constant with angular position, and the bed temperature

is uniform, there cannot in fact be any circumferential variations in the temperature. Also, since

the walls of the Lexan and steel sections are thin (the center of the support is hollow as de-

scribed in Chapter 3), radial variations in temperature at any given distance along the support

will be small.

5. The interconnection between the Lexan and steel sections of the support is thermally perfect.

That is, there is no contact resistance in the joint, and the temperature, 6),, at the end of the

Lexan section is equal to the temperature of the beginning of the steel section.
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6. Heat losses from the end of the steel section that sticks out of the bed are only by convection

to the ambient air. In reality, the heat will also be lost by conduction into the supporting

structure, and down to the vibrating table assembly. To compensate for this, the area available

for convective heat losses at the end of the steel section is increased by a factor of five over

what is actually available. As it tums out from the solution, heat losses by convection do not

in practice affect those from the probe through the support, so this assumption is irrelevant

anyway.

lf the total heat input to the heater is Q Watts:

where Q, is the heat that flows into the bed across the heater surface; QL and Q, are the heat that

flow from the Lexan and steel sections of the support, respectively, into the bed; and Q, is the

convective heat loss to the ambient air from the ends of the supports. Heat·transfer coelficients are

calculated on the basis of Q, whereas to be accurate, they must be calculated on the basis of the

total heat that flows into the bed: (Q, + QL + Q,) .

Consider an element at a location x along the probe or its supports, which is small enough that the

temperature gradient along it is negligible when compared to the temperature difference between its

surface and the bed. If the area of the surface element is dA, the flow of heat into the bed can be

written as:

dQ h A@(X) [6.3]

where A@(x) is the difference between the temperature of the element G·),, and the bed temperature

®, . Ifthe radius of the probe is r,, and the thickness of the surface element is dx, the total heat that

flows into the bed from a section of length (I, — I,) is given by:
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1 1jl ldQ = 27:1,11j lAE·)(x) dx [6.4]
1, 1,

The copper heat-transfer probe is isothermal and at a temperature (-9,, so the total heat that flows

into the bed from the probe is given by:

Q, = 2 [Zur, 111,10, - 6),)] [6.5]

where L is half the length of the heat·transfer probe. Sirnilarly, the 6.35 mm of Lexan closest to

the copper tube is isothermal at a temperature G),. So, the heat flow into the bed from this section

of the Lexan is given by:

Qu = 2 [22*1*2 1/., - 4,)<@„ — @„)J E6-61

In this equation, (I, — L) is the length of the isothermal section of Lexan (6.35 mm). The heat flow

from the non-isothermal section of Lexan is:

II

QL, = 2 [Zur, h
jl

G·)L(x) dx] [6.7]
In

where L is the distance of the Lexan-steel joint from the center of the heat-transfer probe. Similarly,

for the steel section:

II

Q, = 2 21:r,h I @,15:) dx [6.8]
4

where L is the distance of the end of the support from the center of the heat-transfer probe. The

heat lost by convection to the ambient air is given by:

Q, = 2 [zw} 511, 16), — 6),)] [6.9]
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Here, (-9, is the temperature at the end of the steel section facing the ambient air, (-9, is the ambient

temperature, and h, is the convective heat-transfer coeflicient from a plane surface. A factor of 5 is

introduced to account for additional conductive losses of heat from the end of the steel into the

vibrating table assembly. This is one of the assumptions made in setting up the problem. However,

as shown in appendix F, it tums out that the convective losses do not affect the analysis.

A knowledge of the temperature gradients in the Lexan and steel sections of the support is required

to evaluate the integrals. Expressions for the temperature profiles (9,_(x) and (-9,(x) are developed in

appendix F from heat-conduction theory. The profiles are functions of both h and x . Now

equation [6.2] can be written as:

Q I, I,
7;- = h [h,((-9, — (-9,) + (Io — 4,)((-9, — (-9,) +I (-9,_(h,x) dx +f (-9,(h,x) dx]‘ '» '· [6.10]

’ SV: ha (Ge " @41)

It is shown in appendix F (by considering heat conduction along the entire length of tl1e probe

support), that for typical values of h and
€·),,

the temperature at the joint between the steel and

Lexan sections (-9, z @,. This is because of the low thermal conductivity of Lexan in relation to the

high surface-to-bed heat·transfer coeflicients. Thus, heat is preferentially transferred into the bed

rather than flowing down the Lexan supports. Furtherrnore, the analysis also shows that the tem-

perature of the steel section is essentially equal to the bed temperature (-9,, along much of its length,

until the end exposed to air is approached. Thus, an isothermal barrier exists which prevents the

flow of heat down the steel section of the support. Since the steel support is essentially at the bed

temperature, the only heat that flows across its surface flows imo the steel support from the bed

close to the vessel walls. This heat is directly dumped into the ambient air. Therefore, heat flows

into the bed only from the heat-transfer probe and Lexan supports, ar1d no heat flows directly into

the ambient air from the heater. As a result, the heat flow terms Q, and Q, can be neglected.

Equation [6.10] for the true heat·transfer coefficient may be written as follows:

Heat Transfer — Results and Discussion 283



Gig? = h [4»(@6 — @6) + Ua — — @6)+ jl @L(h„x) dx] [6.1 1]

The easiest way to obtain h from this equation is to use the value of h obtained by considering heat

transfer only across the probe surface as an initial guess, and then to solve the equation iteratively

for h .

As stated in appendix F, observation shows that two extreme practical conditions can occur:

1. A high heat-transfer coeflicient which requires a large heat input to maintain a probe temper-

ature of 85°C. This always results in a high value of G, .

2. A low heat-transfer coeflicient which requires a low heat input to maintain the required probe

temperature. This always results in a low value of G, .

It should be emphasized that (as shown in appendix F), both cases (I) and (2) lead to the condition

that G, = G, at the Lexan-steel joint. A typical example of case (l) is 177-pm Master Beads at

K= 5. The apparent heat-transfer coeflicient is measured at 450 W/mZ~K. Temperatures measured

directly are:

Go = 66°C = 339 K

(3,, = 20°C = 293 K

Gb = $5°C = 328 K

GP = 85°C = 358 K

Using these values and the expression for GL(h,x) given in appendix F, an iterative solution for the

actual value of the heat-transfer coeliicient h, gives 429 W/mz-K. This means that the apparent

heat-transfer coeilicient of 450 W/mz-K is 4.8% higher than the actual value.
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At the other extreme, a typical example of case (2) is the heat transfer to a bed of 707-pm

Master Beads at K = 4. The apparent heat-transfer coeflicient based only on the surface area of the

heat-transfer probe is 171 Measured temperatures are:

@0 = 55°C = 328 K

@0 = 20°C = 293 K

@0 = 45°C = 318 K

@0 = 85°C = 358 K

With these values, the iterative solution for h gves an actual value of 166.4 W/mz-K. Therefore,

the apparent value is only about 3% higher than the actual value of the heat-transfer coefficient.

6.1.3.3 Temperature of the Bed Directly Below the Probe

This is really a special case of an error that arises out of incorrectly estimating the bed temperature.

However, unlike the previous error caused by estimating bed temperatures, it cannot be elirninated

by heating the bed uniformly. This error is caused by solid circulation pattems in the locality of the

heat-transfer probe, which will be described in further detail later in this chapter. Briefly, there is a

’segregated' or ”dead" regen that exists below the probe when the bed is bunkered with a center-

high configuration [Sprung et aI.,1986]. Particles in this regen either circulate very slowly within

the regen; or as is the case with particle sizes ef 125 pm and smaller, they hardly move at all. In

any case, they do not mix appreciably with particles in the rest of the bed. A thermocouple located

directly below the probe (see Section 4.7) reads temperatures within this regen of the bed that are

about 8·l0°C (and occasionally 20°C) higher than average bed temperatures for Master Beads

[Thomas et aI.,1986]. With 177-pm high-density glass beads, the temperature within this regen is

about 30°C higher than the average bed temperature at K= 2.
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Observation of circulation pattems in the neighborhood of the heat-transfer probe with fluorescent

tracers shows that the dead zone can cover up to one~quarter of the total heat-transfer area for

177-am particles, and almost half of the heat-transfer area for 88-pm particles.

There are two ways in which the presence of this dead zone can lead to errors in estimating the

overall surface-to-bed heat-transfer coefficient. First, higher temperatures that occur in the zones

reduce the temperature gradient and hence the driving force for heat transfer at the bottom of the

heat-transfer probe. This leads to a lowered heat flux across the bottom of the probe. Further-

more, since particles in this region do not mix with the rest of the bed, the flow of heat into the

dead zone is mainly transrnitted down into the floor of the vessel, and not into the rest of the bed

where it is seen by the six thermocouples measuring the bed temperature. Secondly, with fine par-

ticles, the solid in the dead zone does not even circulate appreciably, so that the zone is essentially

a packed-bed. With such particle sizes, heat-transfer coefiicients along the bottom half of the

heat-transfer probe surface are only of the magnitude of packed bed values (50 W/mz-K). Because

of this, temperatures in the dead zones are lowest in fine-paxticle beds. Most of the heat flux is

therefore into the rest of the bed across only about half of the available heat-transfer area. That is

to say, the over-estimation of the actual surface area over which heat transfer takes place leads to

calculated heat-transfer coefficients that are lower than their true values. When a wall-high bunker

configuration is used, the normal flow of solid past the tube eliminates the dead zone. The higher

heat-transfer coefficients measured for 125-um Master Beads with this bed configuration (the

darkened squares in Figure 72 on page 267) must be at least in part due to the elirnination of dead

zones.

6.1.4 Comparison of Measured Values with Previously Published Results

The shape of the graphs of heat-transfer coeflicient as a function of K shown in Figure 72 on page

267, indicates certain similarities to those obtained by Kossenko et al. [1975] at 20 Hz as depicted
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Figure 75. Comparison of heat-transfer coefflcients with those obtained by Kossenko: A com-
parison of maximum surface—to-bed heat-transfer coefficients obtained from this study
using Master Beads at a frequency of 25 Hz, with those obtained by Kossenko et al.
[1975] using aiumina spheres and a frequency of 20 Hz. The diameter of the heater
tube used in this study is 12.7 mm, while a tube diameter of 38 mm was employed
by Kossenko.

Heat Transfer - Results and Discussion 287



in Figure 4 on page 18 in Chapter 1. In that study, heat·transfer coefllcients were measured for

horizontal tube bundles, with a tube diarneter of 38 mm (compared to the 12.5 mm used in this

study). The data in Figure 4 on page 18 are for a single row of tubes. The solid used was spherical

alumina, which is comparable to Master Beads. A bed depth of 160 mm was employed. Although

conditions are different between the two studies, the similarity in the shape of the graphs suggests

the shape is fundamental to heat transfer from immersed horizontal tubes. In fact, maximum values

of the heat-transfer coeflicient obtained from the two studies are virtually the same within a particle

size range of 177 to 707 pm, as shown in -- Figure id ’htcompr’ unknown --.

Gutman [1976b] has measured heat·transfer coefficients from a vertical heater to a bed of glass

beads. His results also indicate a trend toward a limiting heat·transfer coeflicient with large particles.

However, with 800-pm low—density glass beads, a limiting value of 300 W/mz-K is reported at

K= 4 with a vibrational frequency of 20 Hz. That limiting value is about 1.5 times that obtained

in this study for 707-um low-density glass beads. As will be shown later, this is most likely due to

the heater geometry. Using 260 pm (a range of 210 to 325 pm) low-density glass beads, Gutman

obtained a heat-transfer coeflicient of 250 W/mZ·K at K=4, and 200 W/rn2·K at K=3. These

values are close to those obtained in this study using 177-pm low-density glass beads at equivalent

values of K. No measurements are made in this study with glass beads of the same size used by

Gutman, but the variation in heat·transfer coeflicients with particle size for Master Beads suggests

that the values that would be obtained using a cylindrical heat-transfer surface geometry must be

lower than those obtained herein with 177-pm particles. Therefore, Gutman's results do indicate

some improvement in heat transfer with a flat vertical heater geometry, for smaller particle sizes as

well.
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6.2 Formation ofAir Gaps Surrounding the

Heat- Transfer Surface

The formation of air gaps over horizontal surfaces such as the vessel floor is well established.

Gutman [1974] and Bukareva et al. [1969] also report air gaps above and below flat horizontal

surfaces immersed in the bed. Malhotra and Mujumdar [1985] have observed air-gap formation

around horizontal tubes immersed in vibrated gas·fluidized beds. Similar air gaps are also observed

to form around heat-transfer tubes immersed in vibrated beds. Such gaps form because of the mo-

tion of the bed relative to the vessel to which heat-transfer tubes are norrnally attached.

The formation of the air gaps and their evolution through a vibrational cycle is studied using a

dummy "heat-transfer" tube placed across the two~dimensional vessel as shown in Figure 13 on

page 62. Direct observation is made by back·lighting the bed with a strobe lamp. The lamp can be

free-run at a frequency slightly lower than the vibrational frequency of 25 Hz., or it can be triggered

by a phase-delayed pulse for observation at particular phase angles. Based on these direct observa-

tions, the following general points can be made regarding the gap formation:

1. With the exception of the two smallest particle sizes (125 and 88 pm), all beds show air gap

formation above and below the heat-transfer probe. The 125-am beads show air gaps of a

small size appearing intermittently around the probe for K 2 5.

2. For particle sizes of 177 and 203 pm, only very small intermittent air gaps are seen for K < 3.

At K= 3, small air gaps are observed.

3. For particles with sizes of 707, 500, and 353 pm, air gaps appear at the probe for K 2 2. These

get bigger with increasing K values, and eventually for the 707- and 500~;4m particles, air gaps

completely surround the heat probe for a fraction of the vibrational cycle.
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4. In general, gaps appear at lower values of K as the particle size is increased.

5. As the vibrational intensity is increased, the gaps increase in size, covering a greater surface area

of the heat·transfer probe. In addition, gaps are visible for a greater fraction of the vibrational

cycle. With the 707- and 500-um particles, a limiting coverage is reached when the entire probe

is covered by the air gap.

6. Air gaps are formed regardlcss of the type of solids circulation or bunkering present in the bed.

7. No air gaps are formed around a flat vertical surface immersed in the bed.

More quantitative information is obtained by taking phase·delayed photographs of the gap forma-

tion. Typical photographs are shown in Figure 76 on page 291 for 707-um Master Beads and in

Figure 77 on page 292 for 177-am Master Beads. Both sets of photographs are obtained at K= 4.

Refening to Figure 76 on page 291, at 30° the gap at the bottom of the tube left over from the

previous cycle is still closing. At 80°, the gap below the tube has disappeared, but a gap has fully

formed over the top half of the tube. The gap is large at l80° — over 3 mm thick at the highest

point. The relative downward motion of the vessel causes the tube to push down on the bed, and

this results in a downward·pointing hump at the bottom of the bed as shown in the photograph.

At 220°, the section of bed immediately below the tube starts to fall faster than the tube, and a gap

appears below the tube. The tube is completely covered with air gaps at 270°, both on the top and

bottom surfaces. Note that the section of the floor gap immediately below the tube closes prema-

turely, since the section of bed above it is forced downward by the tube earlier in the cycle. At 3l0°,

the gap on top of the tube is closing, but the gap below it is large. As seen by the photographs at

30°, it persists into the following cycle.

ln Figure 77 on page 292, the sequence of events for 177-um Master Beads shows that in this case

too, a small gap persists below the tube from the previous cycle at a phase angle of l0°. Gaps form

above the tube by 1l0°. Although, it is not clear from the prints shown in the figure, the gap is
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formed on both sides of the tube, though more so on one side than on the other. The gap formation

is not symmetric, because when a tube is present within a center-high bunker, the peak will not sit

directly above the center-lir1e of the cylinder. instead, it locates itself slightly to one side or the other

of the center·line, usually lined up with either one of the vertical tangents to the cylinder. A well-

formed top gap is seen at 160°. By 220°, the gap on top of the tube is closing, and although not

as clearly, a gap is fomting at the bottom of the tube. Again, note the asyrnmetry as the gap closes

on one side of the tube before the other. The bottom gap is well formed at 260°, but is already

beginning to close again at 280°.

6.2.1 The Extent of Heat-Transfer Surface Coverage by Air Gaps

The extent of surface blanketing by air gaps at various phase angles is obtained by taking photo-

graphs of air gaps at regularly spaced phase angles onto 35-mm slide film. The resulting slides are

projected onto a screen, forming an image as illustrated schematically in Figure 78 on page 294.

The radius r, of the heat-transfer tube, and the linear distance p between the two points of closure

of an air gap on the tube surface are measured. The fraction of surface area of the heat-transfer tube

blanketed by an air gap, denoted by FSA, may be estirnated from:

- 0.5Sm l( ’=p
)

FSA(6) =--7,l [6.12]

The phase angle 9 = wt. A tirne-averaged fraction of the area blanketed by air gaps is given by:

_
l 217

FSA = — '|· FSA(6)«10 [6.13]21r 0
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Flgure 78. Illustration of an alr gap on the surface of the heat-transfer tube: An air gap on the
top surface of a heat-transfer tube immersed horizontally within the vibrated bed. The
tube radius is r,, and the distance between the two points of closure of the air gap on
the surface is p .
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FSA is plotted as a function of the phase angle as shown in Figure 79 on page 296 and Figure 80

on page 297 for 707-um and 177-pm Master Beads, respectively. With the 707-pm Master Beads,

the vibrational intensity parameter K, is varied from 2 to 5, and for the 177-pm Master Beads, it

is varied from 3 to 7. The plots also show features of the gap obtained by direct observation. For

example, the degree of coverage is bigger for 707-um particles than it is for 177-pm particles for any

given value of K. Also the coverage is seen to increase with K.

The area under the plots of FSA versus 0 is obtained by numerical integration to give FSA.

Table ll on page 298 summarizes the variations of FSA with K for the two sizes of Master Beads.

The values of FSA for 707-pm Master Beads are over 100% greater than those for 177-um particles.

For the large particles, the fraction of surface coverage does not increase significantly as K exceeds

3. However, for smaller particles, there is an increase in FSA through the entire range of K with the

most substantial increase occurring between K= 5 and 6.

lt would be intuitive to argue that the air gaps provide a resistance to heat transfer from the surface

into the bed. As seen in the photographs, the formation, growth, and closure of the air gap on the

top surface is asymmetric for small-particle bunkered beds, because the peak in the bunker sits on

one side of the tube. The gap appears first, grows to a larger size, and closes last on the side of the

tube over which the peak is located. The resistance to heat transfer must therefore be larger on this

side of the tube. Observation shows that the bed temperature read by the thermocouples numbered

2 and 5, located closest to the probe, are not identical. The bed temperature on the side on which

the peak is located is always a few degrees lower than that on the other side of the tube. If the peak

is physically moved over to the other side of the tube, the difference in temperatures of the two

halves of the bed reverses. This suggcsts that the resistance provided by the larger gap and its longer

duration on one side of the tube, causes a less efficient transfer of heat into the adjacent side of the

bed. A fuller discussion of the effects of air gap formation on the heat transfer will be reserved until

later in this chapter.
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Figure 79. Fractlonal coverage of the heat-transfer surface by air gaps for 707-pm
Master Beads: Fraction of the heat-transfer surface covered by air gaps as a func-
tion of the phase angle over one vibrational cycle at different values of K. O - data
for gaps on the lower surface of the heater tube, Cl - data for gaps on the upper
surface of the heater tube.
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Table 11. Average fractlonal coverage of the heat-transfer surface by alr gapa

Particle Size (microns)
Vibrational lntcnsity

Paramctcr,K 707 l77

2 0 . 24 (a)

(a) - gaps too small and intcrrnittcnt for accurate mcasuremcnt
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6.3 Particle Circulation in the Vicinity of the

Heat- Transfer Tube

The presence of the heat-transfer tube causes localized distortions in the motion of the bed. This

is obvious from the photographs in Figure 76 on page 291 which show the premature closure of

the gap beneath the bed directly below the heat·transfer tube. Floor-pressure measurements made

with the pressure sarnpling port located directly below the tube shows a ’l<ink” as the gap closes

prematurely at this point [Sprung et aI.,l986]. Also, the pressure at the center does not reach the

same peak value as without the tube, and it now decays much faster after the maximum pressure

is reached. These direct interactions between the heat-transfer surface and the bed, as well as dis-

tortions in the pressure field in the locality of the tube, and the formation of gaps surrounding the

tube alter the particle circulation pattems in the vicinity of the heat-transfer tube.

6.3.1 Description of Local Circulation Pattems

Particle circulation pattems in the locality of the tube can be studied with the use of lluorescent

tracers as used in the study of overall particle circulation. Three colors of fluorescent tracers are

normally used. At the start of an experiment, some tracers of one color are placed at one end of the

vessel. These provide information on how particles from the rest of the bed reach the heat-transfer

tube. Tracers of another color are located on top of the tube, and these give information on the

movement of particles at the top of the heat-transfer tube. ln view of the existence of "dead" zones

below the tube, tracers of a third color are placed in a heap directly below the tube. The observed

circulation patterns in beds of 707-, 177-, and 88-um glass beads of both high and low densities are

shown in Figure 81 on page 300. Key features observed for each particle size are summarized in the

following sub-sections.
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Figure 81. Solld clrculatlon patterns In the viclnity of the heat·transfer tube: Particle circulation
patterns in the bed and around the heat·transfer tube observed with the use of flu-
orescent tracers, for 88-, 177-, and 707-um glass beads at K -2 and 4. Note the 'dead'
or 'segregated' zones beneath the tube with 88- and 177-,um particles. There is virtu-
ally no particle motion within the dead zone for 88-pm particles at K -2. For 707-um
particles, the dashed arrows in the right half of the bed indicate the circulation patterns
found within the heart of the bed.
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707-jum Particles

Overall lateral particle rnixing is poor in this bed, as noted previously in Section 5.4. However, close

to the heat-transfer tube, particles located particularly in the interior ef the bed are drawn toward

the tube as indicated in Figure 8l on page 300. Most particles that are drawn in toward the tube

move quicldy downward past the tube. Some of them, however, end up in small~scale circulation

loops that are located en top of the tube as shown in Figure 8l on page 300. From observation,

the general rule appears to be that a particle drawn in to any point located on the top half ef the

tube, ends up in the loops; whereas if it is drawn in to a point located along the bottom half of the

tube, it is immediately pulled down past the lower surface of the tube. The line dividing these two

areas of the probe surface appears to be well defined. A particle stays within the leops until finally,

it reaches a point slightly below the dividing line. When this happens, it is immediately pulled down

past the lower surface at a high velocity, to the bottom of the bed as shown in Figure 8l on page

300. After a particle is pulled down past the tube to the bottom of the bed, it moves laterally away

from the tube into the rest of the bed.

I77-pm Particles

Overall particle circulation in the bed is similar te that observed without the tube. Particles still

move herizentally from the shallow part of the bunker to the deeper part. As the particles travel

upward at the center, they move diagonally past the tube as shown in the figure. The major effect

ef the tube on particle circulation is the presence of a trapezoidal ”dead" er "segregated" regen be-

neath the tube. At K= 2, particles barely move within this regen. They circulate in loops as shown,

taking several minutes to complete each loop. Since different colored tracers are placed in this re-

gen, the degree of solid mixing between this regen and the rest of the bed can also be observed.

At K= 2, there is virtually no inter-mixing between particles in this zone and the rest of the bed.

Over the course of a 15-minute experiment, not a single tracer particle can be observed to move

from this region into the rest of the bed.

Heat Transfer - Results and Discussion 30l



At K=4, the segregated zone is still present, but now solid circulation takes place within it at a

faster rate. A particle takes on the order of a few seconds to complete a loop. At the edge of the

segregated region, where the loop meets the paths of upward particle motion, the shear caused by

the relative motion of particles causes some exchange of particles with the rest of the bed. On the

whole though, solid mixing between this region and the rest of the bed remains poor.

88-pm Particles

Circulation patterns for 88-um particles are similar to those for 177-pm particles, except that now

the size of the trapezoidal dead zone is larger as shown in Figure 8l on page 300. The lower half

of the tube is in contact with the dead zone. Particle circulation rates within the dead zone are even

smaller with this particle size. At K= 2, particles within the zone are almost motionless, giving this

region the appearance of a packed bed. At K= 4, the circulation rate is slightly better, but mixing

with the rest of the bed is still non-existent.

6.3.2 Residence Time of Particles Adjacent to the Heat-Transfer Surface

Johnson [1987], in work connected with this study, has measured the amount of time that particles

spend in the vicinity of the heat·transfer tube. This is done by videotaping the motion of the flu-

orescent tracers as they move past the tube, and viewing the tape at a slower speed to record resi-

dence times.

With 707-pm glass beads, the amount of time that a particle circulating in a loop above the tube,

spends adjacent to the surface is measured. Also measured is the amount of time that a particle,

moving down past the lower half of the tube, spends next to the surface of the tube. This gives

average surface·adjacent residence times for particles next to the top and bottom halves of the

heat-transfer surface. Her results are summarized in Table 12 on page 303. The number of times
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Table 12. Average resldence tlmee of 707-pm particles next to the heater surface

Type of Vibrational Average Residence Time of a No. of Times
Particle lntensity Particle Next to the Heat- Particle Loops

Parameter,K Transfer Tube (seconds) above tube
Top of Tube Bottom of Tube

-20 + 30 mesh
low-dcnsity 4 O . 78 6 O . 5 3 8 3
glass beads

5 0.392 0.266 5

-20 + 30 mesh
high·dcnsity 4 1 . 368 0 . 3 95
glass beads
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that a 707-pm low-density glass bead loops above the top of the tube before it gets pulled down

past the tube, is also recorded. All data in the table represent the average of 20 measured values.

The results show that the residence time of a particle next to the tube surface decreases with in-

creasing K. The residence times are longer for high-density glass beads than for low·density glass

beads on the top of the tube, but the situation is reversed at the bottom surface. These residence

times should not be regarded as particle-surface contact times. The formation of gaps around the

tube limits the contact times to only a fraction of the vibrational cycle, and a particle is touching

the heater surface for only part of the time that it spends adjacent to the heater surface.

With l77·pm low·density glass beads, the amount of time that the particle spends adjacent to the

heater surface is measured. For the fraction of the surface above the dead zone, the times are 0.78

seconds at K= 3 and 0.45 seconds at K= 4. Again, note that because of the formation of air gaps,

these values do not represent actual contact times.

6.4 Possible Mechanisms for Surface-to-Bed Heat

Transfer

This section will discuss a number of possible mechanisms for surface-to-bed heat transfer, includ-

ing a list of factors that appear to have the greatest influence on the process. However, as will be

shown later in this section, there are insufticient data at present to discriminate between different

heat-transfer models.

Examining the mechanisms of heat transfer in gas-fluidized beds will help gain an understanding

of which factors influence surface-to-bed heat transfer in a vibrated bed. Therefore, a brief review

of some suggested heat-transfer mechanisms in gas·lluidized beds will be included here.
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It may be assumed that the heat transfer from a surface to a particle in contact with it is influenced

by the temperature of the particle. lf the particle is at a much lower temperature than the surface

(that is, the temperature gradient or driving force is high), the quantity of heat flowing into the

particle will be greater than if the thermal gradient were smaller. This follows from Fourier’s law

of heat conduction, and is the basis for the so~called 'penetration' theories of heat transfer in

fluidized beds such as the packet model of Mickley ar1d Fairbanks [1955] and the one-layer model

of Zabrodsky [1963]. With a penetration mechanism, contact times of particles at the heater surface

greatly influence the rate of heat transfer. Shorter contact times and frequent renewal of particles

at the heater surface are beneficial, since the temperature of the particle is not raised by much, and

the thermal gradient remains high.
i

Altematively, the contact-resistance mechanism assigns the controlling step in surface-to·bed heat

transfer to the resistance to heat transfer due to the nature of the point contact of particles at the

heater surface. Spherical particles contact the heater surface at only single points. In theory, the rate

of heat conduction across a single point (zero area) should be zero. Therefore, heat conduction into

the particle must take place through the gas wedge enclosed between the surface of the particle and

the surface of the heater. This provides a resistance to heat transfer. With larger particles, the re-

sistance to heat transfer will be greater, since the size of the gas wedge is also larger. As the particle

size is reduced, the shape of the particle layer in contact with the heater surface approaches that of

a continuous solid surface, and the resistance to heat transfer drops as a consequence. The

contact-resistance theory implies that the major factor influencing heat transfer is the particle di-

mension, and that the heat·transfer rate will be independent of solid circulation rates or the thermal

properties of the particle. The one·layer model [Zabrodsky,1963] includes the effect of a contact

resistance.

The penetration models suggest that as the contact time is reduced, the heat-transfer coeflicient

should go up accordingly. This of course means that at vanishingly small contact times, the heat-

transfer coeflicient should approach infinity, which is physically impossible. One way to get around

this anomaly is to write the overall surface-to·bed heat·transfer coeflicient h, as a combination of
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a contact-resistance heat·transfer coellicient (hp) and a penetration heat-transfer coefiicient (hp) as

follows:

L .. L Lh - hc + hp [6.14]

As the contact time tp —> 0, hp —> oo, and h —-• hp Thus at vanishingly small contact times, the heat

transfer is controlled by the contact resistance, and the heat-transfer coeflicient approaches a limit-

ing value. Schlunder [1971] argues that heat conduction across the gas wedge to the particle surface

can only take place when the thickness of the wedge of gas is larger than the mean free path of the

gas molecules. As such, the heat transfer is actually limited by the conduction of heat through the

gas wedge, and at vanishingly small contact times, the heat-transfer coeflicient will be detemiined

by thermal properties of the gas medium.

6.4.1 Factors Influencing Heat Transfer in Vibrated Beds

The graphs of heat-transfer coeliicient versus K clearly show a dependence on particle size and

vibrational intensity ir1 the manner described in Section 6.1. Similar dependence of the heat-transfer

coeflicient on particle size has been noted by previous investigators, as noted in Figure 2 on page

13 in Chapter 1. The heat transfer is also iniluenced directly by two other factors: the particle cir-

culation, and the formation of gaps around the heat·transfer surface.

6.4.1.1 The Eßct ofParticle Circulation.

As noted in Chapter 5, particle circulation rates increase with increasing K. Also, residence times

of particles at the heat-transfer surface decrease with increasing K (section 6.3.2) for both 707-pm

(Table 12 on page 303), and 177-am particles. Overall particle·mixing rates are poor in large-

particle non-bunkered beds. ln bunkered beds overall particle circulation encourages better mixing.
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However, horizontal particle velocities are found to be lower for 88-pm particles than for 177-pm

particles. Also, measurements made by Sprung [1987], indicate that circulation rates for glass beads

of both densities are lower than for equivalently sized Master Beads.

These trends are reflected in the heat-transfer data. The initial increase in the heat-transfer coeffi-

cient with K for all particle sizes, most probably indicates an improvement in heat transfer brought

about by increased circulation. As the particle~circulation rate in the neighborhood of the heat-

transfer tube increases, the contact time of particles with the heater surface is reduced, resulting in

an increase of the heat-transfer coeflicient The overall mixing of the bed determines the rate at

which heat is carried away to the rest of the bed. If the rate of mixing is high, hot particles will be

removed from the locality of the heat-transfer surface, and replaced by fresh cooler particles from

within the bed. This maintains a large thermal gradient between the surface and surface-adjoining

particles. The lack of horizontal mixing in large-particle beds is in part responsible for the fact that

heat-transfer coefficients for such beds do not increase as rapidly with increasing vibrational accel-

eration as they do in small·particle beds. The larger temperature gradients observed across large-

particle beds support this argument.

The poor mixing of particles within the dead zone with the rest of the bed means that almost no

heat is exchanged between this region and the rest of the bed. As a result, temperatures within the

dead zones are always high, and the surface-bed thermal gradient low, leading to inefficient heat

transfer. If particles within the dead zone circulate very slowly, as the case with 88-pm particles,

the contact times of these particles with the heater surface tend to zero, and the rate of heat transfer

approaches that of a packed-bed.

The higher circulation velocities noted with 177-pm Master Beads by Sprung [1987] is partly re-

sponsible for the higher heat-transfer coeflicients in intermediately sized Master Beads than in

equivalently sized glass beads. The electrostatic charges present in beds of glass beads can also cause

a reduction in surface-to-bed heat transfer. Opalinski and Wolny [1987] report that such charges

cause particles to stick to the surface as found in this study. Their theoretical evaluation of
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unsteady-state heat transfer from the surface to surface-adjoining particles shows that the presence

of even a sir1gle layer of particles attached to the surface by electrostatic charges, results in a con-

siderable reduction of the heat-transfer coefficient. Furthermore, electrostatic charges increase the

residence time of particles at the heater surface, since they provide an additional resistance to the

flow of particles past the heat·transfer surface.

6.4.2 The Effect of Air-Gap Formation

Air gaps surrounding the heat-transfer surface provide a resistance to surface·to-bed heat transfer,

which becomes more substantial as the degree of surface blanketing of the heat-transfer tube surface

increases. As the gap increases in thickness, a point is reached where the heat-transfer process into

the air gap when it covers a fraction of the heat-transfer surface, is no longer predominantly deter-

mined by solid properties, but rather largely by the air flow past the tube. The phase-delayed pho-

tographs of gap formation around the heater for 707-pm particles shows that there is a point in the

cycle where the entire surface is blanketed by the gap. The velocity of the gas past the tube for

particles of this size may be estimated from the Kroll model (which gives vertical superficial veloc-

ities across the bed). As the gas rushes downward across a bed of 707-am Master Beads vibrated

at K= 4, the peak gas velocity is 0.28 m/s. When it rushes upward out of the bed, it reaches a peak

velocity of 0.4 m/s according to the Kroll model. The heat-transfer coeflicient due just to the gas

flow past the tube hx, may be estimated by a correlation for the heat·transfer coeflicient for a cyl-

inder in a normal cross-flow of air llncropera and DeWitt,l98l|:

d
Nu, E %- = c,(1z«.—,)"‘(1>r)"’ [6.15]

2

with

C, = 0.683, and m = 0.466 for 40 < Re, 5 4000

Heat Transfer - Results and Discussion 308



In this correlation, Re, E (ud,p/pi), is the Reynolds number for the cylinder or tube, Pr is the Prandtl

number for the gas, kl is the thermal conductivity of the gas, and d, is the tube diameter. For a peak

velocity of 0.4 m/s, Re, = 224, assuming a tube diameter of 12.7 mm, so that values of C, and m

listed above are valid. Using equation [6.15], the heat-transfer coefficient that would be achieved

only through gas convection is 18.5 W/mz-K. This value is much lower than typical packed-bed

heat-transfer coeflicients of 50 W/mz-K. Thus, the heat-transfer coeflicient in the area covered by

thick air gaps, although not zero, is small, and its average value is in the order of 15-20 W/mz-K.

Initially, higher vibrational intensities lead to higher solid—circulation rates resulting in improved

heat transfer. However, as K is increased further, the thermal resistance due to air gaps surrounding

the heat-transfer tube offsets further improvements in heat transfer caused by the increasing solid

_ circulation. This results in a limiting or maximum value of the heat·transfer coefficient In fact, a

peak of 484 W/mz-K is recorded for 177-um Master Beads at K= 6, and the heat-transfer coefli-

cient falls below this value at higher values ofK This trend agrees with computed values of FSA given

in Table 11 on page 298, where the most significant increase in FSA appears between K= 5 and 7.

By contrast, a limiting heat·transfer coefficient of 170 W/m2·K is obtained for 707-pm

Master Beads at K= 3, beyond which it does not increase. This value of K corresponds to that at

which FSA approaches a limiting value for this particle size, as indicated in Table ll on page 298.

However, the effect of the air gaps is not solely to act as a resistance to heat transfer, but also to

reduce the contact time of a particle in a surface-adjoining layer with the heater surface. If the par-

ticle is in contact with the heater surface for a fraction of the cycle, it gains heat during that contact.

If it looses the heat to the rest of the bed when it is separated from the heater surface by an air gap,

the particle-surface thermal contact time is the same as the fraction of the cycle in which physical

particle-surface contact takes place, and will be of the same order as the period of vibration. The

period of vibration is sufiiciently small, that the heat-transfer coeflicient must then be controlled

by the gas properties or the contact resistance, since the contact time becomes vanishingly small (see

also section 6.4).
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Therefore, there is a balance between on the one hand, a resistance caused by the presence of the

air gap which results in a reduction of the heat-transfer coeflicient, and on the other hand, a re-

duction in the thermal contact time which tends to increase the heat-transfer coeüicient to a limiting

value h, . With small particle sizes, only a small portion of the cylindrical heat-transfer surface is

covered by air gaps at low values of K. At such values of K, heat transfer into small particle beds

must be govemed by particle circulation and mixing rates. As K is increased, the air gaps cover a

greater fraction of the heat—transfer surface. Particle circulation and mixing rates simultaneously

increase. Since the heat transferred into the bed is quickly removed from the vicinity of the heat-

transfer surface by the circulating solid, the air gaps act mainly as a resistance to better heat transfer.

Eventually, irnprovernents in heat transfer brought about by improved circulation rates are offset

by the increased resistance provided by the air gaps. In large-particle beds, the tube is engulfed in

air gaps. The heat—transfer coefficient for 707-um particles reaches a limiting value at K= 3 despite

the decrease in residence times with increasing K noted in Table 12 on page 303. Overall particle

_ mixing rates remain poor, so that heat is not effectively removed from the heat-transfer surface by

the particles. It is therefore likely that for such beds at higher K values, the limiting heat-transfer

coeflicient is a balance between:

l. the reduction in time available for direct heat transfer to the solid caused by the presence of

thick air gaps; and

2. a reduction of therrnal contact times to the same order ofmagnitude as the vibrational period,

so that the heat—transfer coefiicient for the fraction of the cycle in which heat is transferred di-

rectly into the bed, is determined only by gas properties and particle size — the Limiting case

for vanishingly small thermal contact times according to Schlunder [1971].

These two effects will cause the heat-transfer coefiicient for large particle sizes to reach a limiting

value which is independent of the vibrational intensity parameter K.
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6.4.3 Heat-Transfer Models for the Vibrated Bed

There are insufiicient data at present, particularly on particle-surface contact times, to clearly dif-

ferentiate between various heat·transfer models. Keeping this in mind, the treatment of models

herein will be brief. lt is possible to reject some models, however, simply based on the trends in

the experimental results.

6.4.3.1 The Scoured-Film Model

This model is due to Gutman [1976b]. lt assumes that the resistance to heat transfer is provided

by a gas sub-layer composed of the wedges of gas between the particle and the heater surface as

described earlier (see Figure 82 on page 312). The average surface—to-bed heat-transfer coeflicient

is given by:

ks
h = — E6. 16]

68

where ks is the thermal conductivity of the gas, and 6,, the average thickness of the gas sub~layer.

The full mathematical details of the derivation of the model will not be given here. The basis of

the model is that as vibrations are applied to the bed, the relative motion of the particles past the

heat-transfer surface (which is fixed to the vessel) causes a reduction in the thickness of the gas .

sub-layer by scouring the film of gas at the heat-transfer surface, as shown in Figure 82 on page

312. Since the heat transfer in a packed bed is controlled by the contact resistance, the reduction in

gas thickness caused by the vibration should lead to an increase in the heat transfer beyond that in

the equivalent static or packed bed. Thus, the model suggests that the heat-transfer coefficient for

a vibrated bed can be correlated with the heat-transfer coeliicient of the same bed when no vi~

brations are applied (the equivalent packed bed), and the height of throw of the bed relative to the

vessel. Mathematical analysis by Gutman [1976b] gives:
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Figure 82. Schematlc representatlon of the scoured-film model: The scoured-film model ac-

cording to Gutman [1976b]. (a) In a stationary bed, particles are arranged at the heater
surface in such a way that he flow of heat into particles is through a gas film which is
thicker in some places. (b) As vibrations are applied, the relative motion of the parti-
cles 'scours' the film, reducing its average thickness.
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h (1 + d s )11 = [6.17]
l — 61,,,:,,

where s, is the maximum throw of the bed, or equivalently, the greatest thickness of the gap beneath

the bed, h„ is the heat-transfer coeflicient for an equivalent static bed. Also, Q, = Q/(df — dj), where

Q is the particle size, and d,, is a dimension of the gas sub-layer as shown in Figure 82 on page

312. Since Q, and .r,, are typically very small, equation [6.17] can be approximately written as:

11 z h,,(l + (1,,,;,,) [6.18]

suggesting a straight-line relationship between h and s,. In addition, as the particle size is reduced,

the thickness of the gas sub~layer gets smaller, leading to improved heat transfer.

This model contends that particle circulation has no direct effect on heat transfer. However, ex-

perimental evidence to the contrary is shown in this study. The higher heat-transfer coefiicients

obtained with normal flow past the tube — which increases particle renewal rates at the bottom of

the tube — indicate that circulation rates are important.

Despite this, Gutman [1976b] obtains reasonable agreement between his experimental results and

this model, particularly at low values of K. However, it should be noted that s, is a function of K,

and therefore, it is implicitly correlated to the particle circulation rate. In other words, an increase

in s, is accompanied by an increase in circulation rates. Gutman might actually have been measuring

the effect of improved circulation on the heat transfer.

6.4.3.2 The One-Layer Model

The one-layer model formulated by Zabrodsky [1963] assumes that the transfer of heat is only to

the first layer of particles adjoining the heat-transfer surface. Mathematical analysis by Opalinski

and Wolny [1987] shows that this is the case if residence times of particles at the surface are not long
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(less than 1 second). The heat transfer takes place through a layer of gas, and therefore includes the

effect of a contact resistance, as shown in Figure 83 on page 315. Because of the unsteady·state

nature of the problem formulation, the contact time of the particle at the surface is included.

A full mathematical analysis of the model and its applicability to vibrated beds has been attempted

by Sprung [1987]. The model gives the following expression for the heat-transfer coeflicient:

— 1.2 kg
h = p_,.cp‘v„(l — 6) l— exp

ä
[6.19]

Ögpscpgvnil " 8)

Here, kg is the thermal conductivity of the gas, ch is the heat capacity of the solid, v,„ which repres-

ents the rate of particle renewal at the surface, is the velocity of particles normal to the heat-transfer

surface, and is related to the contact time t„, by :

0.807dp
rc = ———U; [6.20]

vn(l
_

8)

The average gas-layer thickness 68, is given by:

8 — + 6 .6 — 6 EF- [6 21]

where b accounts for any additional gap existing between the heater and the surface-adjoining par-

ticles. Sprung [1987] suggests that the factor b in equation [6.21] be used to represent the thickness

of the air gap surrounding the heat-transfer tube in a vibrated bed. A full treatment of the pred-

ictions of the model on vibrated-bed heat transfer has been carried out by Sprung [1987]. The

problem in analyzing the model accurately is the lack ofknowledge of contact times. Also, Sprung’s

assumption of simply including the gap thickness in the expression for 68 , might be too simplistic,

since the formation of the gap is not uniform, and it also serves to alter the contact time ofparticles

with the heater.
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Figure 83. Schematlc representatlon of the one—|ayer model: The heat-transfer process accord-
ing to the one·layer model of Zabrodsky [1963]. Notation: dp · particle size; b - thickness
of an air gap separating the surface·adjoining particles from the heater surface; v„ -
velocity of particle renewal at the heater surface. Particles are assumed to move into
the bulk of the bed at velocity v„ , and back to the surface-adjoining layer at the same
velocity. v„ therefore represents a rate of solid renewal at the surface.
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Broadly speaking, the model predicts an increase in the heat·transfer coefficient with increasing

particle circulation rates, and a reduction in heat transfer with increasing gap size. These trends are

also observed in the experimental results. The model predicts that the effect of air gaps on reducing

heat transfer is more noticeable in small-particle beds than in large-particle beds.

In the limiting case of vanishingly small contact times, the model gives for the heat·transfer

coefficient:

h = [6.22]
68

· According to this equation, under the condition of small contact times, the heat-transfer coefficient

is independent of particle thermal properties and contact times. Sprung [1987] suggests that the

limiting value of the heat·transfer coeflicient observed with 707- and 500-um Master Beads is a

result of a very small contact time of these particles on the heater surface. lf this argument were

correct, heat-transfer coefficients for glass beads of the same size should approach the same limiting

value, since equation [6.22] is independent of particle thermal properties. However, as seen from

Figure 73 on page 273, the limiting value of the heat-transfer coefficient for 707-pm glass particles

of both high and low densities is higher than for Master Beads. It is of course possible that the

gap size is smaller for both types of glass beads, which would reduce the value of 6, in equation

[6.22], and lead to higher limiting heat-transfer coefficients for these solids. However, as stated ear-

lier, the one·layer model predicts that the effect of gap thickness is small for large particles. These

anomalies suggest that a straight-forward application of the one-layer model to the vibrated bed

might not be suitable.
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6.4.3.3 The Packet Model

Kal’tman and Tamarin [1969] use the packet model of Mickley and Fairbanks [1955] for heat

transfer in gas-fluidizcd beds, to describe surface-to·bed heat transfer in a vibrated bed. The in-

stantaneous heat-transfer cocflicient hp, is given by:

k c p (I — e)1.,,,: „ / [6.2:6]

where kp is the effective thermal conductivity of the bed, cp: is the particle heat capacity, and pp, the

solid density. Gutman [1974] has criticized the use of the packet model to desciibe surface-to-bed

heat transfer in vibrated beds, because contact times calculated from the overall solid circulation

velocities and the length of the heater yield heat·transfer coefficients based on equation [6.23] that

are about four times lower than actual measured values (see Chapter 2, §2.1.3.2). Observation of

particle circulation in the ncighborhood of the heat·transfer surface shows that particle circulation

rates arc different at the surface. In fact, Kal’tman and Tamarin [1969] do report the existcnce of

small-scale fast circulation loops in the vicinity of their heater. This would give smaller contact

times and consequently, higher heat-transfer coefficients than if overall circulation velocities were

used.

The average heat·transfer coefficient is obtained by integrating equation [6.23] over the contact time

tp, assuming continuous renewal of particlcs at the heater surface:

‘
" L 1hp = -5:- hp, dz 6.24

However, this will jvc infinite heat·transfer coefhcients as the contact time approaches zero, which

is physically impossible. The solution is to combine the packet model with another model that ac-

counts for vanishingly small contact times [Gelperin and Einstein,l97l]. Schlunder [1982] proposes
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the following equations to determine the heat-transfer coefiicient under the condition of vanishingly

small contact times:

11,-(1-6)**% +(1 -(1 -6)**) ——l— [625]
"· (dp/J?) + Am,

Here, A,M is a modified gas mean·free path defined by Schlunder [1971}. The heat-transfer coeüicient

from the heater to the nearest particles, hh, is given by:

4k 2 (Am + 6 ) d
- h = L ....€....l.. ln LLEL. __ _pt dp [(1+ dp 1+ 2 (lm: + 68) 1 [6 25a]

ln this equation, 6: is the "roughness" of the particle layer in contact with the heater, and can be

considered equivalent to the thickness of the gas wedges or sub~layer defined earlier. Now the

overall surface—to-bed heat-transfer coefficient may be written in a similar fashion to equation [6.14]

as follows:

1 - L Lh - hp + hs [6.26]

The problem with evaluating this model is that the contact times of particles with the heat-transfer

surface are not known. However, according to equation [6.14], h —» h, as tc —» O, which implies that

at very small contact times, the heat-transfer coefiicient is deterrnined by gas properties. This sug-

gests, as does the one-layer model, that heat-transfer coefficients for large particles where gaps ap-

pear around the heater tube for a large portion of the vibrational cycle, are dominated by

small-contact time effects. The anomaly of higher heat-transfer coeliicients for 707-am glass beads

as compamd to similarly sized Master Beads still remains.
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6.4.3.4 A Position·Dependent Formulation for the Heat- Transfer Coejficient

One of the problems with defuiing a contact time for the horizontal tube in a vibrated bed is that

the presence of periodic air gaps which form on the surface reduces the actual contact time of par-

ticles at the surface, to a fraction of the time that they spend in a surface-adjoining layer. An alter-

native way to consider the problem is to assume that the contact time within a region of

heat·transfer surface that is covered by air gaps for at least one instant within the vibrational cycle,

is equal to the fraction of the cycle in which particles are in contact with the heater surface. This

assumption is valid as long as the heat picked up by the particle during the fraction of the cycle in

which it is in contact with the heater surface is all dumped into the bed during the rest of the cycle

when the particle looses contact with the surface. That is, the particle returns to the bed temperature

during the fraction of the vibrational cycle when an air gap separates it from the heat-transfer sur-

face.

The probe surface can be divided into two regions: one that is covered by an air gap for at least one

instant in the vibrational cycle, and another which is in contact with the bed throughout the cycle.

Referring to Figure 78 on page 294, suppose that the maximum coverage of the surface by air gaps

corresponds to an angle ¢·,„, such that:

0.5
.16,,, = 2 [6.27]

The distance between points of closure of the air gap on the tube surface at maximum coverage is

p,„. The maximum fractional coverage by air gaps of the whole surface area is denoted by F,„, which

may be obtained from the limiting values of the plots of FSA versus the phase angle 6 given in

Figure 79 on page 296, and Figure 80 on page 297.

The fraction of the surface never covered by air gaps is (1 — F,„). Within this fraction of the surface,

the contact time will be the actual time that a particle spends in a surface~adjoining layer. The av-
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erage heat-transfer ceefficient within this fraction of the surface, hp, will be gven by a penetration-

type model, such as the packet model.

Within the fraction of the surface F,,,, over which air gaps do form, a particle at any angular position

ip on the surface, looses contact with the surface for a time 0,(¢p) to 0,(q>) where 0,(q>) is the phase

angle at which a gap first appears at the angular location tp, and H2(<p) is the phase angle at which

the gap disappears at rp. It is seen from Figure 78 on page 294, for a symmetric air gap on the top

surface of the heat-transfer tube, that as the air gap appears at an angular location rp, it also si-

multaneously appears at 7l — qu. The angle included between these two angular positions is 45. On

the lower surface, the gap appears at n + tp and 21: — ¢p , simultancously. For either half of the tube

surface, the included angle ¢ is related to the fractional coverage of the heat-transfer surface

through:

0.5 041 = 2 Aw) [6.28]

This means that for any value of q>, values of 0,(«p) and Üz(<p) may be ebtained from graphs of

FSA versus 0. The range of phase angles over which particles are in direct contact with the surface

at the location qa is gven by 21: — [Ü2(q>) — 0,(«p)], assuming that the phase angle 0 is in radians.

The contact time of a particle at qa is then given by:

2¤ — [92(<1¤)— 91(¢>)] 1{p_.(q>) — [6.29]

where fis the frequency of vibration. This equation states that the contact time of a particle with

a regen of the heat-transfer surface which is covered by air gaps for some portion of the vibrational

cycle, is a fraction of the period (1/f). The contact times will therefore be small, and the heat-

transfer coeüicient for heat transfer directly to particles in these regens will approach h,, the heat-

transfer coeflicient for extremely small contact times gven by equation [6.25]. The heat-transfer

coeßicient h, is independent of contact times and most Iikely of location as well. In that case, an
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average contact time may be defined for the fraction of the surface F,„, which is covered by air gaps

for at least one instant within the vibrational cycle, as followsz

‘ 1 d r 1I = ··————— ( 6.30C 11,/2_
(pm (pm

C (P

The angular position 41,,,, corresponding to the maximum coverage of the surface by air gaps is equal

to (1: — 45,,,)/2 . When the coverage of the surface becomes very small, 4>,,, —> 0, and 41,,, —• 1:/2. At

the same time, t,(cp -» 1:/2) —•
l/jl so §—• l/jj irnplying that the particle is in contact with the surface

for the whole cycle as expected. The average fraction of the vibrational cycle during which a particle

located with the area F,,, is in contact with the heat-transfer surface is Lf . During this fraction of

the cycle, the heat-transfer coeliicient is equal to the small-contact time heat·transfer coefiicient,

h,.

During the remaining fraction of the cycle (l — Lf), heat transfer between the surface and bed takes

place through the gap by gas convection and conduction through the gas in the gap. The heat

conducted through the gap is small compared to the convection term, so the heat-transfer coeffi-

cient within the gap will equal the gas convection heat-transfer coeßicient hl, as given for example,

by equation [6.15]. Therefore, the average heat-transfer coefficient for the fraction F„,, of the heat-

transfer surface is: + (1 — Y,f)h, .

For the whole surface, the heat-transfer coefficient is given by:

h= (1 (1 — QD/lg] [631]

where h,, is dependent on a contact time t„, (see section 6.4.3.3) that a particle spends adjacent to

that fraction of the heat·transfer surface which is in contact with solids through the entire cycle

(never covered by air gaps).
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For a small particle size where the coverage by gaps is very small, F,„ —+ 0 and h —> hl, , so that the

heat·transfer coeflicient is determined by the particle circulation rates. This is as experimentally

observed, since in small particles, the increase in heat·transfer coeflicient with K is large for KS 5,

where the corresponding increases in Ä, are small.

For large particle sizes (for example 707 pm), where the entire heat-transfer surface is covered by

air gaps at some instant or another in the vibrational cycle, F,,, —• l. This implies that the heat-

transfer coellicient for large particles is determined by h, and hx, both of which are only dependent

on gas thermal properties and particle diameter, and will cause the heat·transfer coeflicient to reach

a lirniting value independent of K. Also, as air gaps increasingly cover the surface for a greater

fraction of the vibrational cycle, L becomes small, and the contribution of h, gets correspondingly

smaller. In the lirniting case where the gap covers every point on the surface for the whole cycle,

Ä-• 0 and h —> hx, which mear1s the heat·transfer coeflicient will be determined by the gas~

convective heat transfer. Both these trends are also experimentally observed in large—particle beds.

The anomaly of higher heat·transfer coeflicients for 707-pm glass beads remains, but if Y, for glass

beads is larger than for Master Beads (the gap on average covers the surface for a shorter fraction

of the cycle), then the lirniting heat-transfer coefiicicnt for 707·;im glass beads will be greater than

that for equivalently sized Master Beads.

There are however two problems with this formulation for heat·transfer coefiicients:

l. It is virtually impossible, short of analyzing several feet of high-speed movie film, to determine

the icontact time t„, of a particle with the fraction of the surface never exposed to air gaps, since

theoretical predictions of particle velocities in the locality of the heat-transfer surface, and the

extent of coverage by air gaps of the heat-transfer surface are not currently possible.

2. It assumes that when a particle is lifted off the heater surface, it looses all the heat which it

gains while in contact with the surface.This may be true for a particle located over a point
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which is covered by air gaps for at least half of the vibrational cycle. However, if the particle

is located over a point which is covered for only a short fraction of the cycle, it will continue

to increase in temperature from one cycle to the next, as long as it remains adjacent to the

surface. To include the effects of varying temperature between one contact and the next will

make the analysis far more complex, than the simple approach adopted here.

Perhaps the best way to study heat·transfer mechanisms is by using a flat vertical heat·transfer

surface. Such a geometry will eliminate air-gap formation around the surface. In addition, if the

vertical heat-transfer surface is joined to the floor by a non-conducting support of the same thick-

ness, no ”dead' zones can form beneath the surface. The elirnination of air gaps might also lead

to an increase in overall heat-transfer coeificients, so this surface geometry is of practical interest

as well.

6.5 Summary of Heat Transfer in Vibrated Beds

The most important points pertaining to aspects of vibrated-bed heat transfer covered in this study

may be summarized brielly as follows:

1. Measured heat-transfer coeflicients for Master Beads ar1d glass beads show a direct dependence

on both particle size and vibrational intensity. With large particles, the heat-transfer coefficient

reaches a limiting value as the vibrational intensity parameter K, is increased. With small par-

ticles the heat·transfer coefficient passes through a maximum as K is increased. Heat·transfer

coefficients increase with decreasing particle size until a size of 177 pm is reached. Below this

particle size, the heat-transfer coefficient drops off.
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2. The greatest source of error in the method used to measure heat-transfer coellicients anses out

of estimating the temperature of an unevenly heated bed. This generally leads to errors of about

10% in the measured heat-transfer coeflicient, but occasionally the error can be as high as

15%.

3. Air gaps are observed to form around a horizontal heater tube placed in the bed. By taking

phase-delayed photographs over a vibrational cycle, it is possible to estimate the time-averaged

coverage of the heat-transfer surface by these air gaps. The average surface coverage is larger

for large-particle beds than for beds of small particles.

4. In small-particle beds, "dead” or "segregated" zones which are detrimental to heat transfer form

below the heat-transfer tube. Particles within these zones move at lower velocities than those

within the rest of the bed, and in addition do not mix with the rest of the bed.

S. Surface-to-bed heat transfer in the vibrated bed appears to be strongly influenced by particle

circulation rates in the vicinity of the heat-transfer surface. However, the formation of air gaps

is detrimental to heat transfer particularly in small-particle beds. These gaps increasingly cover

a greater fraction of the surface for a greater proportion of the vibrational cycle as the

vibrational intensity is increased. As a result, the initial improvements in heat transfer brought

about by improved particle circulation as K is increased are offset by the increased coverage

of the surface by these air gaps.

6. Since the heat transfer is so strongly dependent on particle circulation rates, a penetration-type

heat-transfer model is perhaps most applicable to vibrated-bed heat transfer. However, since

particle contact times with the heat-transfer surface are unknown, it is impossible to

quantitatively check the validity of any model.
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7.0 Conclusions and Recommendations for Further

Study

7.1 Conclusions of This Study

The dynamics of the shallow vibrated bed and the heat·transfer process from an immersed hori-

zontal cylindrical surface have been investigated in this study. To reduce the number of vibrational

parameters affecting the characteristics of the bed, a frequency of 25 l·lz is used exclusively. Com-

mercial mechanical vibrators usually have an upper frequency limit of 30 Hz. The frequency

chosen, therefore, represents one of practical interest, and is also within the range of frequencies

found to produce the best bed "quality” (10 to 40 Hz).

7.1.1 Equipment and Instrumentation

Previous experimental studies of vibrated beds have sutfered from a number of drawbacks, including

the following:
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l. The use of inadequately designed vibration equipment, in which the mass of the vibrating table

is small compared to that of the bed. This results in a severe distortion of the sinusoidal

displacement-waveform of the vibrating vessel when the bed collides with the vessel floor. The

distortion can be sufficiently severe to create secondary vibrations in the system.

2. Experimental work has been carried out over a range of vibrational frequencies, even though

the vibration assembly has a particular resonance frequency within that range. The effect of this

is that the experiment will falsely indicate a frequency dependence of some bed properties, such
”

as the porosity.

3. Some pressure transducers used to measure the cyclic variation of floor pressures beneath the

bed have had inadequate frequency responses. This causes the transducers to integrate the

pressure signal, giving incorrect data on cyclic variations in floor pressures, by removing high-

frequency components of the signal.

4. The use of remotely mounted pressure transducers gives false values of the average pressure

beneath the bed, because of the additional volume of gas within the lines connecting the sam-

pling port to the transducer. Particularly if pressure variations beneath the bed are large, the

flux of air from this additional volume into and out of the air gap beneath the bed could be

of the same magnitude as that across the bed. In one case [Chlenov and Mikhailov,l972], the

average pressure beneath a 30-mm deep bed has been reported to be as low as -6 kPa, which

is lower than even the lowest floor pressure obtained in this study for the same bed depth.

5. The output from transducers measuring various properties or characteristics of the bed have

not been correctly phase·matched. In most cases, phase·matching the output of a transducer

(for example, a pressure transducer), with the vessel displacement has been achieved by com-

paring both signals on an oscilloscope, which is inaccurate.
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6. Some heat-transfer probe designs used previously have a number of deficient design features,

including:

a. A non-isotherrnal surface, leading to a transfer of heat by particles from one point on the

surface to another, instead of directly into the bed.

b. Grooves cut into the surface to carry thermocouples cause distortions in heat fluxes within

the probe. In some cases, the thermocouples read temperatures that are lower than the

actual surface temperature of the probe.

c. Heating elements used in some probes have "dead" zones at either end in which no heat

is generated. These dead zones lead to distortions in the themial flux, particularly at the

ends of the probe.

d. Some probes are held in place by supports that stick vertically out of the bed. Such sup-

ports alter circulation pattems in the vicinity of the probe.

These problems have been corrected ir1 this study as follows:

l. The vibration assembly is designed to be extremely rigid, and the mass of the vibration table

is several tirnes that of the bed. This practically eliminates any distortion of the displacement

wavefonn due to the collision of the bed with the vessel floor. When the bed and vessel collide,

some noise appears in the accelerometer signal due to the mechanical impact noise of the bed

collision. However, this noise does not appear in the output of either of the displacement

transducers used in this study, and therefore carmot be distorting the displacement signal.

2. The vibration system is operated close to its resonance frequency for all experiments. The

resonance frequency can be changed by altering the stiffness of leaf-springs supporting the vi-

brating table, keeping in mind that the mass of the vibrating table must always be large enough

to eliminate distortion of the displacement waveform.
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3. All transducers used in this study have an adequately high frequency response. Most of the

transducers used do not have any appreciable phase lag at the frequency of vibration. When

the phase lag is noticeable (as is the case with the displacement transducers used in this study),

it is calibrated at the frequency of operation and summed to the output signal of the transducer.

4. An electronic phase—delayed trigger circuit is devised to phase-match various cyclic phenomena

and bed properties with the phase of the vessel displacement. The circuit detects the positive

zero cross-over point of the displacement waveform, and then issues a trigger pulse delayed

by a prespecifed number of degrees of phase lag. The trigger pulse can be used to initiate the

acquisition of the output signal of a transducer used to measure some property of the bed (such

as the floor pressures), at any phase angle — for example, at 0°, which is the start of the

vibrational cycle. The data collected in this manner are perfectly phase-matched with the vessel

displacement.

5. The phase-delayed pulse can also be used to trigger a stroboscopic light source once every cy-
' cle. Viewing the bed illurninated solely by this light source gives the bed the appearance of

being 'frozen" at the preset phase angle. In tl1is manner, a periodically varying visual charac-

teristic of the vibrated bed may be followed over a complete vibrational cycle. By illuminating

the bed with an electronic flash gun triggered by the phase-delayed pulse, high-resolution

35-mm photographs of the bed may be obtained with a slow shutter speed on a camera. These

techniques allow a more detailed study of cyclic phenomena within the bed than has been

previously possible.

6. The heat-transfer probe used in this study is designed to maintain a constant surface temper-

ature even if heat fluxes across the surface vary considerably with angular position. A

custom-built heating element provides uniform heating along the entire length of the heat-

transfer probe. It also allows for thermocouples leads to be passed radially downward from the

heater surface and out through the center of the heating element, thus elirninating distortions

in the heat flux across the surface caused by grooves cut in the surface for thermocouple leads.
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The probe is held in place by cylindrical supports of the same diameter as the heat-transfer

tube. The supports pass through the walls of the vessel, so that they do not interfere with

overall circulation pattems within the bed.

7.1.2 Dynamics of the Shallow Vibrated Bed

7.1.2.1 Mechanics of the Vibrated Bed

An examination of the dynamics of the vibrated bed is carried out in relation to the one-

dimensional models of Kroll [1954,1955] and Gutman [l974,l976a]. Both models can be written in

a similar dirnensionless form, using the same set of dirnensionless groups:
‘l',

A, and l" . These

groups are functions of the particle size and density, the gas viscosity, the bed perrneability, and the

vibrational frequency and intensity. Only two of these dirnensionless groups (‘Y and A), are nec-

essary to describe the Kroll model in a dirnensionless form. The dirnensionless group
‘I'

may be

thought of as a 'dimensionless bed permeability parameter', or altematively, as a group that de-

scribes the effect of viscous drag caused by an oscillatory flow of gas through a porous bed. A de·

scribes the apparent weight of the bed under the influence of the vibrational acceleration.

Furthermore, a ratio R,,, of these two groups may be defined, which describes the resistance of the

bed per unit bed mass to gas flows at any specified vibrational frequency. The third dimensionless

group I", used in transforming the Gutman model to its dirnensionless form, describes the effect of .

gas compressibility on the pressure gradient across the bed.

Cyclic floor-pressure rneasurernents made at three horizontal locations beneath the bed exhibit the

same periodic nature as observed in previous studies [Kroll,l955; Gutman,l974]. As the bed lifts

off the vessel floor, the gauge pressure beneath the bed become negative, causing gas to rush

downward across the bed. When the bed falls back toward the vessel base, the floor gauge~pressure

begins to increase again, eventually rising above zero, and causing a reversal of the direction of gas
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flow across the bed. When the bed collides with the vessel base, the floor pressure goes through a

sharp positive peak, after which it decays back to the level at the start of the vibrational cycle.

The positive and negative peaks in the floor pressure signals are found to be dependent on the

particle size. ln general, the bed becomes more resistant to gas flows as the particle size is decreased,

causing peaks of greater magnitudes in the floor pressure during the cycle. As the vibrational in-

tensity is increased, larger differences in the accelerations of the vessel and bed lead to greater cyclic

swings of the floor pressures. With a 30-mm deep bed of Master Beads, the maximum positive peak

floor pressure recorded is about 4.5 kPa, with a particle size of 125 pm and K= 5. The largest

magnitude of the negative peak floor pressure recorded is about 2.6 kPa, also with a particle size

of 125 um at K= 5. Both positive and negative peak pressures are found to increase linearly with

bed depth, up to the maximum bed depth of 60 mm used in this study. With small particles, the

magnitude of the floor pressure increases with increasing solid density as predicted by theory; but

for large particles, the range of solid densities used in this study has negligible effect on the magni-

tudes of the floor pressures.

The bed trajectory or the thickness of the air gap beneath the bed can be estirnated by a semi-

empirical method, by using measured pressures to solve the one-dirnensional equation of motion

of the bed.

Predictions of the Kroll model are reasonably close to floor pressures measured in this study for a

30-mm deep bed. The major discrepancy is the rate of decay after the bed-vessel collision. The Kroll

model predicts an instantaneous decay to zero gauge-pressure after the collision, but the actual rate

of decay is slower. The slower rate of decay is as a result of gas compressibility. The dimensionless

group I", that predicts the effect of gas compressibility, is strongly dependent on the bed depth, and

the agreement of the Kroll model with actual values, particularly for small particles, may not be as

good as the bed depth is increased.
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For large particles, the thickness of the air gap beneath the bed as predicted by the Kroll model is

almost identical to that obtained from the semi-empirical method using measured floor pressures.

However, the air-gap thickness or bed trajectory for large particles differs from that predicted by the

single-particle model which neglects air~drag effects, indicating that although the aerodynamic drag

effects are small in such beds, they are not negligible. With smaller particle sizes, differences be-

tween the predictions of the Kroll model and those obtained from the semi-empirical method be-

come more pronounced. The Kroll model always predicts a smaller gap thickness. Also, as the

particle size is reduced, the size of the air gap beneath the bed obtained by the semi-empirical

method, becomes increasingly dependent on the bed porosity.

The instant at which the bed lifts off the vessel floor (the point at which the net force on the bed

is equal to zero) as predicted by the Kroll model is almost the same as that obtained by the semi~

empirical method, differing at most by 2 to 3° of phase lag. This means that the Kroll and Gutman

models will both predict approximately the same phase angle of lift-off of a shallow vibrated bed

off the vessel floor for a given set of bed and vibrational conditions.

However, the observed instant of bed—vessel separation lags the instant of lift-off predicted by theory

by several degrees. With fine particles, the bed does not appear to separate from the vessel floor at

any point in the cycle. lt is possible that this might be caused by the method ofobserving bed—vessel

separation (back-lighting the bed with a strobe lamp triggered by a phase-delayed pulse), which

might not be accurate enough to detect an air gap with a thickness of the same order of magnitude

as the particle diameter. The more likely explanation of the delay, is that the bed expands as it at-

tempts to separate from the vessel floor. An approximate calculation shows that even a minute

expansion of the bed after the instant of null-force, would account for the observed delay in the

bed-vessel separation. Particles within the bed have to move apart by a certain distance in order to

move relative to each other, and this will result in an overall expansion of the bed.

In addition to vertical pressure gradients that develop within the bed, horizontal pressure gradients

are also observed, particularly with small particles. During the fraction of the cycle when the entire
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bed is in flight, the floor pressure at the side wall is higher than at the center of the bed provided

that the center of the bed is deeper than at either side wall. This gradient causes a horizontal flow

of gas from the wall toward the center.

The bed does not collide uniforrnly with the vessel floor. instead, if the center of the bed is deepest,

the collision occurs first at the side wall, and the gap closes from the side wall toward the center

of the bed. As the bed collides with the floor, a compaction wave is observed to travel diagonally

upward across the bed. The horizontal propagation velocity is determined by the rate at which the

gap closes toward the center of the bed, and the vertical propagation velocity is determined by the

rate at which gas can be expelled from the bed. Behind the compaction wave, particles are forced

together, gving that regen of the bed the appearance of a packed bed. In front of the wave, the

bed is still loose. After the compaction wave has passed through the whole bed, the bed remains in

a packed state until the null·force point in the next cycle. As the compaction wave passes through

the bed, the horizontal pressure gradient reverses behind it, so that gas flows back from behind the

compaction wave-front towards the wall; but in front of the wave it continues to flow forward to-

ward the center.

With fine aeratable powders, the gas within the bed cannot be completely expelled within one cycle,

so the bed continues to draw in air and expand over a number of cycles (23 to 24 cycles at 25 Hz),

until it reaches a critical volume at which micro-bubbles are formed within the bed. Once this

happens, gas is suddenly expelled from the bed during a fraction of a cycle. This behavior of fine

aeratable powders is termed "breathing”.

The average floor pressure over a vibrational cycle is found to be negative at the center of the bed,

and positive at the wall. However, average horizontal gas flows across the bed cannot be based on

these time-averaged floor pressures. This is because the passage of the compaction wave through

the bed during the bed-vessel collision, alters the horizontal pressure gradients considerably during

that fraction of the cycle. This highlights the fact that predictions of the behavior of multi-

dimensional beds cannot always be extrapolated from one~dimensiona1 theory.
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7.1.2.2 Bunkcring und Particle Circulation

In small·particle beds which are resistant to gas flow, horizontal pressure gradients can develop in

an initially flat bed due mainly to perturbations in the pressure fields at the walls. Once the gradients

develop, the bed begns to pile up or bunker at one part of the vessel, so that the top surface of the

bed is no longer flat. Three bunker configurations are possible: a center-high configuration, which

is the most unstable, a wall-high configuration, and a center-shallow configuration.

Each type ef bunker has a unique solid circulatien pattem associated with it. In general, in a

bunkered bed, particles move from a shallow part of the bed toward the deeper part of the bed,

_ except for a narrow regen en the top surface in which particles retum at a high rate from the deeper

section of the bed top the shallow part.

In large·particle beds, which are permeable to gas flows, ne horizontal pressure gradients develop,
i

and as a consequence, these beds de not bunker. In a vacuum, bunkering disappears in all beds,

indicating that it is caused by pressure gradients within the bed.

The dependence of the angle of bunkering on the particle diameter, and the vibrational intensity

appears to be qualitatively described by an equation suggested by Judd and Jackson [1980], which

predicts the change produced in the dynamic angle of repose of material in a rotating drum, by a

flow of gas across the surface ef the material. In bunkered beds, particle motion is driven by gas

flows that take place within the bed in response to pressure gradients. As the bed lifts off the vessel

base, the pressure beneath a shallow regen of the bed is higher (less negative) than beneath a deeper

regen of the bed. The resulting pressure gradient causes a horizontal flow of gas from the shallow

to the deep regen of the bed. Since the bed is loose during flight, particles are dragged along in the

same direction by interstitial gas flows. When the bed collides with the vessel floor, it becomes

packed behind the compaction wave. Even though the horizontal pressure gradient reverses its di-

rection behind the compaction wave, particles in this regen are no longer free to move, and
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therefore do not reverse their direction of motion. ln a vacuum, this type of solid circulation dis-

appears, indicating that it is caused by the viscous drag of the gas on individual particles.

In non-bunkered beds, particle motion is downward in about two or three layers adjacent to the

walls, and upward in the rest of the bed. The particle motion is driven by wall friction, which pre-

vents particles at the wall from travelling upwards as fast as the rest of the bed when the bed lifts

off the vessel. This sets up a downward motion of particles at the wall relative to particles within

the bed, resulting in overall particle circulation. In a vacuum, this type of solid circulation persists

for all particle sizes, indicating that it is driven by some factor, such as wall friction, which is inde-

pendent of the pressure of air within the bed.

The presence of electrostatic forces between glass particles in the bed tends to reduce the bed mo-

bility, and results in lowered particle circulation rates.

7.1.2.3 The Expanded Zone on the Top Surface of the Bed

An expanded zone is observed along the top surface of small·particle bunkered beds throughout the

vibrational cycle. No such expanded region can be observed along the bottom surface of the bed.

High-resolution phase-delayed photographs show the evolution of the expanded zone over a cycle.

At the end of one cycle, the expanded zone does not collapse fully. Consequently the top layers of

the bed are in a loose state at the start of the next cycle, when gas flows down across the bed.

Experiencing less drag as a result of their loose packing, these layers lift off sooner and higher than

the rest of the bed, which is in a packed state after the compaction wave has passed through it

during the bed-vessel collision process. Thus, an expanded zone is created above the bed. Later in

the cycle, gas rushing out of the bed further expands this zone, causing it not to collapse fully by

the end of the cycle.
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The return flow of particles from the center of the bed toward the side walls is within this region

of the bed. Intense gas-solid mixing is observed within the expanded zone.

7.1.2.4 States of the Shallaw Vibrated Bed

Different "states" of the shallow vibrated bed can be identified. When only a few particles are present

within the vessel, they move about in a random fashion, their trajectories being determined by

simple Newtonian mechanics, with superirnposed air drag on each particle. This is the Newton-I

state. As more particles are added, the number of particle·particle collisions increase to a point

where some particles loose a significant amount of their kinetic energy during a fraction of the cycle,

ar1d tend to fall toward the floor of the vessel. ln the next cycle, they are thrown upward again. The

result is the appearance of a region of higher particle density close to the floor of the vessel for a

fraction of the cycle. This is called a Newton·I1 state.

As even more particles are added, aerodynamic effects become more important, and the bed begins

to act a coherent mass. It lifts off the floor at one point in the cycle, and collides with it later in the

cycle. The bed is considerably expanded, particularly as it falls back toward the floor. Therefore,

this state is described as coherent·expanded. The state is characterized by a high degree of particle

turbulence and excellent gas-solid rnixing.

When the bed depth is increased further (beyond about 10 particle layers on the average), the bed

expansion during flight is considerably reduced, giving the bed a denser appearance, although par-

ticles within it continue to be mobile during the period of bed flight. Because of the nature of the

bed, this is terrned the coherent-condensed state. Particles move in a rnore orderly fashion, but

particle velocities are lower than those in the coherent—expanded state. For small particles, the ex-

panded state continues to persist along the top surface of the bed.
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The tendency for small particles to group together in an aerodynarnic flow field, causes bunkering

to occur at very shallow bed depths for such particles. The early occurrence of bunkering also ne-

sults in a premature transition from the coherent·expended to the coherent-condensed state for fine

particles.

The transitions from the coherent-expanded state to the coherent-condensed state, as well as the

initial occurrence of bunkering, appear as a family of straight parallel lines, with particle diameter

as the parameter, on logarithrnic plots of the dimensionless group W (which includes the bed

permeability, the bed depth, and the vibrational frequency) versus the dimensionless bed depth,

expressed in terms of the number of particle layers.

7.1.2.5 A Multi—Dimensiom1I [Model

A multi~dimensional model which includes bed expansion is difficult to solve, partly because the

nature of the variation in bed porosity over a vibrational cycle is not known. Some simplification

can be introduced by assuming that the only significant porosity variation in a bed that lifts off the

vessel floor occurs during the lift-off and collision processes, which can no longer be assurned to

be instantaneous. However, the unsteady-state, two-dimensional nature of the gas flow within the

gap that appears beneath the bed is still diflicult to deal with mathematically.

An alternative approach suggested is to use experimentally measured pressures at three locations

beneath the bed to interpolate a lower boundary condition, and thereby solve the two-dimensional

problem in a semi-empirical manner.
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7.1.3 Surface-to·Bed Heat Transfer

7.1.3.1 Measured Surface-to-Bed Heat-Transfer Coejficients

Surface-to-bed heat-transfer coellicients are obtained for 30-mm deep beds of Master Beads of

various sizes, and both high- and low-density glass beads of three sizes (707, 177, and 88 um). The

heating surface is a cylinder of diameter 12.7 mm, immersed horizontally at the center of the bed.

Heat-transfer coefticients for Master Beads indicate a dependence on particle size. The heat-

transfer coefiicient increases with decreasing particle size until a particle size of 177 pm. Below this

size, the heat-transfer coeflicient falls again with decreasing particle size. The heat-transfer coefiicient

initially increases with increasing vibrational intensity. The heat~transfer coeflicient reaches a limit-

ing value with large particles, which is independent of the vibrational intensity parameter K. With

smaller particles sizes, the heat-transfer coeflicient increases until a maximum is reached, after which

it falls off with increasing K.

Heat-transfer coefficients for glass beads follow similar trends to those for Master Beads, but the

limiting value for 707·;im glass beads (of both densities) is higher than for equivalently sized

Master Beads.

7.1.3.2 Possible Sources ofExperimental Errors

Errors in the measurement of heat·transfer coefiicients can arise out of:

1. estimating the bed temperature, since the bed is unevenly heated in this study,

2. conduction losses through the probe supports, and
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3. lowered heat Huxes into the "dead" or "segregated" regions that develop beneath the heat-

transfer tube.

The first source of error causes measured heat-transfer coefficients to be about 8-10% (but occa-

sionally 15%) lower than actual values, whereas the second source of error causes measured heat-

transfer coefficients to be about 2-4% higher than actual values. There is no clear way of estimating

how much error is introduced by the third source. However, it should be noted that the ”dead" re-

gions are a characteristic of the manner in which the tube is placed within the bed, and the bed

configuration, therefore, this factor will lead to errors, only if the current results are extrapolated to

different heat-transfer coeflicient surface geometries, or to different types of bunkering.

7.1.3.3 Factors Influencing Heat Transfer

Trends in the heat-transfer coefficients may be explained in terms of:

1. The particle circulation in the bed as a whole, and in the vicinity of the heat-transfer surface.

2. The formation of air gaps on the upper ar1d lower surfaces of the heat-transfer tube.

lnitially, as the vibrational intensity parameter K, is increased beyond a value of 2, the increased

particle circulation brings about irnproved surface—to-bed heat transfer. Overall panicle circulation

promotes better mixing of the bed, which brings cooler particles to the heat-transfer surface, and

removes hotter ones. Better local circulation decreases the contact times of particles at the heat-

transfer surface.

The presence beneath the heat-transfer tube of a dead or segregated zone of reduced particle circu-

lation and reduced mixing with the rest of the bed, limits the transfer of heat from the lower surface

of the tube into the bed. Inducing a normal How of particles past the heat-transfer tube by using a

wall-high bunker configuration, destroys these dead zones. With 125-am Master Beads, a normal
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llow pattem past the heat-transfer probe results in an increase of the heat-transfer coellicient by

almost l00 W/m2·K.

The improved overall mixing in small~par·ticle beds is responsible for the trend of increasing heat-

transfer coefiicients with decreasing particle size. However, as the particle size is reduced below

177 pm, the increased cohesiveness of the bed reduces bed mobility, and adversely affects heat

transfer.

As the vibrational intensity is increased further, air gaps that form around the heating surface, cover

a greater fraction of the surface for a longer fraction of the vibrational cycle. With 707-pm particles,

the gaps completely engulf the tube for a fraction of the cycle. These gaps provide a resistance to

heat transfer.

The average fractional coverage of the heat-transfer surface by air gaps, FSA, may be obtained from

phase-delayed photographs of the gap evolution. With ·707-um particles, FSA reaches a limiting

value at K= 3, which is the same value ofK at which the heat-transfer coefiicient reaches a limiting

value. With smaller particle sizes, FSA increases considerably at higher vibrational intensities, so that

the increase in heat transfer brought about by improved solid circulation is offset by the increasing

coverage of the heat·trar1sfer surface by air gaps, resulting in a maximum value of the heat-transfer

coeilicient at some value of K.

The air gaps also limit the amount of time a particle spends in contact with the heat-transfer surface.

Particularly with large particles, where the coverage of the surface is large, contact times may be

reduced to the same order of magnitude as the vibrational period, since heat can be transferred to

the particle only while it is contact with the surface. The heat-transfer coetlicient for such small

contact times is independent of both particle therrnal properties and contact time (or particle ve-

locity), and will reach a limiting value which is dependent only on gas properties and the particle

diameter, as observed.
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7.1.3.4 Heat- Transfer Mechanisms

There are insufficient data at present (particularly on particle—surface contact times), to fully dis-

criminate between different mechanisms proposed for surface-to-bed heat transfer. However, the

strong influence of particle circulation on heat-transfer coefficients noted in this study suggests that

a penetration model, in which the heat-transfer rate depends on the renewal rate and contact times

of particles at the surface is most applicable.

A simplified position-dependent formulation for the heat-transfer coefficient may be written, which

accounts for the gap formation. The heat-transfer coeflicient in a region never covered by air gaps
_

is determined by the average time that a particle spends next to this fraction of the heat-transfer

surface. In the fraction of the surface covered by air gaps for at least one instant in the vibrational

cycle, the heat-transfer coefficient during the period of particle—surface contact is determined by gas

properties and the particle diameter. When some point on the surface is covered by an air gap, the

heat-transfer coefficient is deterrnined by the gas·convective heat transfer caused by the gas flow past

the tube.

This formulation predicts that the heat-transfer coeflicient for small particles, where air-gap forma-

tion is small, is deterrnined largely by particle circulation rates (and consequently, by thermal

properties of the solid). For larger particles, where the coverage of the heat-transfer surface by air

gaps is greater, the heat-transfer coefficient is determined by a combination of the fraction of the

heat-transfer surface covered by air gaps, and the fraction of the cycle during which a particular

point on the surface is covered by air gaps. These trends are as experimentally observed.
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7.2 Recommeudations for Further Study

The following points are suggested for further study:

1. This study has concentrated on a vibrational frequency of 25 Hz. The effect of vibrational

frequency on some of the phenomena reported herein, could be further investigated. A

vibrational frequency of 15 Hz appears to be in commercial use. Higher frequencies should

also be investigated, keeping in mind that accurate phase-correlation becomes more difficult,

and demands on the frequency response of transducers become greater, as the vibrational fre-

quency is increased.

2. A greater range of particle densities should be used to fully understand the effect of particle

density on floor pressures, particle circulation, bed bunkering, and the transitions between

states of the vibrated bed. Metals such as copper or iron in spherical form could provide an

upper limit to the density, and plastic particles, a lower limit. Altematively, the gas density can

be altered by operating the bed in varying degrees of vacuum, or by using different gas at-

mospheres within the vibrating vessel. Also, gases with varying viscosities could be used to vary

the amount of drag exerted on the bed by gas flows.

3. Unambiguous explanations for several features observed, as well as mathematical formulations

for the bed dynamics require a reasonably accurate knowledge of the bed porosity. An instru-

ment to measure bed-porosity vaxiations within a vibrational cycle is required. Because of the

large pressure fluctuations induced by the vertical motion of the bed, a technique that depends

on the pressure drop of a gas flow across the bed will be unsuitable. A non-intrusive device,

for example, one which obtains the bed porosity by measuring the capacitance of the bed, is

suggested.

Conclusions and Recommendations for Further Study 34l



4. The movement of tluorescent tracers within the bed can be frlmed on videotape, and the re-

sulting images digitized and recorded by a computer. By digitally detecting differences in

brightness between tracers and the rest of the bed in the image, the motion of several tracers

can be followed simultaneously by the computer. This will increase the accuracy in determining

particle circulation pattems and velocities.

5. Estimate the horizontal and vertical propagation velocities of the compaction wave using dif-

ferent beds and vibrational conditions. The vertical propagation velocity will give information

on the rate at which gas can be expelled from the bed.

6. Detennine if the delay between the null-force point and the observed instant of bed-vessel

separation is caused by an expansion of the bed during lift-off. This can be done by:

a. measuring the variation of bed porosity over the vibrational cycle, and

b. developing a more accurate method for determining the instant of bed-vessel separation

than used in this study.

7. Continue the study of the two-dimcnsional model, and its semi-empirical solution using

measured pressures.

8. Use the two-dimcnsional model to determine the pressure gradients at the bed surface. This

will be useful in checking the validity of extending the results of Judd and Jackson [1980] to

predict the angle of bunkering in vibrated beds.

9. Develop a more reliable method for determining the transition between the coherent-expanded

state and the coherent-condensed state. Since the major difference between the two states is the

degree of bed expansion during part of the cycle, a measurement of floor pressures might be

useful. When the bed is in a highly expanded state, the pressure drop across it will be small,

compared to when the bed is in a more packed state. The pressures to be measured will all be

very low in magnitude, so some method is required to eliminate random electrical noise from
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the output of the pressure transducer, without introducing significant phase lag into the signal.

A post-collection digital filtering technique, such as ensemble averaging, might be suitable if

the floor pressure can be sampled over a large number of cycles (500 cycles for example).

10. Examine the correlation of transitions between the coherent-expanded and coherent-condensed

state with other dimensionless groups. The Kroll model is applicable to the small bed depths

at which the transition takes place. Because the Kroll model is based on an almost constant

bed porosity, the transition between the two states must represent the lower limit of applica-

bility of the model. Therefore, it is possible that the dimensionless ratio R,, (bed resistance per

unit bed weight), might be relevant.

ll. Use different heat-transfer surface geometries, particularly a flat vertical geometry, to study the

effect of surface geometry on the heat-transfer process. A flat vertical geometry will have the

added advantage of eliminating air gaps that surround cylindrical surfaces, and may lead to

higher heat-transfer coefficients, especially for small particles.

12. Determine the particle-surface contact times, and the renewal rates of particles at the heat-

transfer surface. This will be much easier if a flat vertical surface geometry is used, since the

alteration of contact times by air gaps is eliminated.

13. Obtain surface-to-bed heat-transfer coefficients using other particle types, which have different

thermal properties from those used in this study, to examine the effects of these properties on

heat transfer. A knowledge of thermal properties of the solid (the heat capacity and thermal

conductivity) will be required, and methods to measure them must be devised.

14. The errors in estimating the heat-transfer coeflicient arising out of both conduction losses

through the probe supports, and from the estimation of the bed temperature in an unevenly

heated bed, can be eliminated by using guard heaters in the supports. The guard heaters heat

the probe supports (except for a small insulating section next to the heat-transfer probe) using
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a separate power supply from that used for heating the probe. The supports are heated to the

same temperature as the probe, and thereby provide an isothermal barrier to heat losses

through them. At the same time, the bed is evenly heated. With rectangular vessel geometries,

the lateral bed mixing parallel to the probe may not be as good as with cylindrical vessel ge-

ometries. Therefore, the use of guard heaters mainly to eliminate uneven heating of the bed,

is strongly recommended.
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Appendix A. Calibration of the Pressure Transducers

Linear üts were used to describe the calibration curves of the pressure transducers used to measure

the cyclic floor pressures below the bed. The fit for each transducer at positions W, H, and C as

shown in Figure 13 is given below.

Transducer at position W:
A

P„, = 2725.226 V, + 11.949 [A.1a]

Transducer at position H:

P„, = 2757.349 V, + 88.323 [A.1b]

Transducer at position C:

1>,„ = 2742.616 V, + 157.233 [A.1c]

where P„, = Measured Pressure in Pascals

V, = Transducer Output in Volts
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The conelation coefücicnts are 0.999976, 0.999991, and 0.999981 for the transducers at positions

W, H, and C respcctively.
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Appendix B. The Electronic Circuit for

Phase-Delayed Triggering

A block diagram of the circuit used to obtain a phase-delayed trigger output with an angular re—

solution of one degree is given in Figure 84. The circuit essentially consists of four blocks:

l. the input signal conditioning and zero·crossover detection block,

2. the phase-locked-loop (PLL) frequency tracking and synthesis block,

3. the counter and trigger output block, and

4. the phase-angle display block.

The vertical displacement of the vessel is directly measured by a LVDT or photoelectric displace-

ment transducer as described above. The sinusoidal output from the transducer is inverted and

amplified (with a gain of approximately 5) by an operational amplifier (op amp). The inverted

amplified signal is passed to a second op amp which is configured as a comparator. This op amp

compares the inverted signal against a reference null-position voltage which is set using a null-

position-adjust potentiometer. The null-position voltage is adjusted to equal the output voltage of

the displacement transducer at the null or rest position of the vibrating table.
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As the inverted signal passes below this null-position voltage, the output of the comparator switches

from low to high as shown in Figure 84 on page 355. Later in the vibrational cycle, as the inverted

displacement signal again crosses up past the reference voltage level, the output of the comparator

switches back from high to low. A small amount of hysteresis is added to the comparator so as to

eliminate errors in detecting the downward zero·crossover point, that may be caused by small

amounts of electrical noise that are present on the output signals of the displacement transducers.

The comparator output remains at a low level, until the start of the next vibrational cycle, when

the inverted displacement input signal again passes below the null-position voltage. The output of

the comparator is therefore, a square wave which has complete phase integrity with respect to the

input from the displacement transducer as shown in Figure 84.

The square wave is then fed to the PLL frequency tracking and synthesis block. As shown in

Figure 84, this block is configured so that the output frequency synthesized is a multiple N, of the

input frequency, and is in phase with the input signal. Using a multiplication factor of 360 will give

a resolution of one degree of phase delay for triggering. The maximum resolution of the circuit is

limited by the maximum frequency of the PLL voltage-controlled oscillator (VCO). The CD4046

PLL VCO used has an upper frequency limit of 1.3 MHz, which restricts the input frequency to

about 3 KHz if a resolution of one degree of phase lag is required.

The counters are grouped into programming counters and coincidence counters. The former are

clocked by a slow·pulse (2 Hz) oscillator, and when activated by an up- or down-counter button

(Figure 84), proceed to count up or down respectively in modulo 360. This presets the required

angle into the circuit. The data outputs of the programming counters are read into the coincidence

counters at the start of each phase-degree counting sequence, which is initiated by the leading edge

of the square—wave output from the signal conditioning and zero-crossover detection block. The

coincidence counters are clocked by the synthesized (multiplied) frequency from the PLL VCO, and

. they count down from the value preset in them (the desired phase angle) until zero is reached. At

this instant a txigger pulse is issued which will be lagged aller the zero·crossover point by the desired

phase angle, and the cycle repeats.
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The delayed trigger pulses are routed to a switch that allows selection of either a continuous stream

of triggering pulses, or a single pulse on demand to initiate a single event such as firing an electronic

flash.

A digital display is used to show the data in the programming counters, giving a visual indication

of the phase angle selected.
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Appendix C. Analysis of Temperature Distributions

Within the Heat—Transfer Probe

As explained in Section 3.3.4 of Chapter 3, the design of the heat·transfer probe requires an

isothermal surface. However, since local heat-transfer coefiicients vary with angular position, the

surface temperature of the probe may vary with the angular position, if the probe design will perrnit

large thermal gradients along its surface. Surface thermal gradients may be minimized by permitting

large thermal fluxes within the body of the probe, below the surface. This may be achieved by

constructing the probe body out of a material with a high thermal conductivity, and making its

radial thickness as large as possible. Copper is chosen as the material of construction owing to its

high therma.1 conductivity (400 W/m-K). The outer probe diameter is fixed at 12.7 mm. Because

of construction considerations, the outer diameter of the heating element that tits into the center

of the heat·transfer probe is 6.16 mm (see Figure 20 on page 84). Therefore, the thickness of the

copper shell of the probe is 3.27 mm thick. The following analysis determines if a thickness of

3 mm is sufficient to produce a uniform surface temperature.

The analysis yields the maximum temperature difference across the probe (both with radial and

angular position). However, since some approximations are made in defining the heat-conduction

problem, the solutions will indicate only an order of magnitude, rather than exact results.
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Figure 85. Cross-sectlonal view of the heat-transfer probe: Surface—to·bed heat-transfer coeffi-
cients vary from h, at the 90° position, to h, + h, at the 0° position. the bed temperature
ie 9b.C at the 0° position, and (9, + 10°C at the 90° position.
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Two unknown factors have to be accounted for:

1. the angular distribution of heat-transfer coefiicients, and

2. the distribution of bed ternperatures around the periphery of the heat·transfer surface.

By referring to the cross-sectional view of the heat-transfer probe in Figure 85 on page 357, it is

seen that the heat·transfer coefficient varies from its highest value at the "vertical” sides of the probe

(the 0° position), to its lowest at the top and bottom (the 90° positions). Most of the data in the

literature indicate that for both gas-iluidized and vibrated beds, the heat·transfer coefiicient at the

0° position is roughly 1.5 to 2 times greater than at the 90° position. A large variation in the heat-

transfer coeflicient with angular position, will tend to adversely affect the distribution of surface

temperatures. For the purposes of this analysis, an arbitrary function is chosen to describe the dis-

tribution of heat-transfer coefficients. A cosine distribution function is used, since it is angular in

nature. The heat-transfer coellicient at any angular position ep, along the surface is given by:

h(q>)=hi +h2cos«p [Cl]

where h, is the heat-transfer coeflicient at the 90° position, and (/1, + hl) is the heat·transfer coeffi-

cient at the 0° position.

Bed temperatures around the probe are similarly assumed to vary according to a sine function, with

the bed temperature at the 90° position being l0°C higher than at the 0° position. The bed tem-

perature at any angular position next to the heat·transfer surface is given by:

E-),,(q>) = 6),,0 + 10 sin ¢p [C.2]

where
€·),_„

is the bed temperature next to the 0° position.

The general two-dimensional heat conduction equation in cylindrical coordinates, assuming uni-

form thermal conductivity, is:
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Here, pc is the density of copper (the material that the heat-transfer probe is constructed from),
cP·‘

is its heat capacity, and k„, its thermal conductivity. Equation [C.3] is solved subject to the

following boundary conditions:

ö@ (mp)—kc =q at r=r,

ä®p(r‘,<p)— kc -——57j—- = (hl + hg cos at r= r,

779 7 7 [6.4]
r,q>——lä;··— = 0 at rp = 0

ö@ (r, )l%7P—?—··
= 0 at rp = 1:/2

The first boundary condition describes the tlux across the inner boundary (of radius n) of the copper

annulus. All heat that tlows across this boundary must be generated in the heating element. lf the

total heat generated by the heating element is Q Watts, the heat flux across thc inner boundary is

given by:

_ Qq - 477777 [cs]

where L is half the length of the heat-transfer probe.

The analysis of heat conduction within the heat-transfer probe is only necessary at steady state,

implying that (ö®(r,q>)/ät= 0) . However, given the form of the boundary conditions, the two-

dimensional problem is best solved numerically. The computer program (PDETWO) chosen to

solve equation [C.3] — mainly for its ease of use in handling complex boundary conditions — is one

that obtains a numerical solution to the general unsteady-state two-dimensional partial differential
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equation. A dummy initial condition may be specified, and the solution allowed to reach a steady

state. The easiest initial condition to specify is that the temperature everywhere within the probe is

equal to the bed temperature at the start. In other words:

6->„(r,6)=6>,,_,, at z= 0 [6.6]

A typical solution assuming an average heat-transfer coefficient of 460 W-m2·K, and heat-transfer

coefficients of about 120 W/mz-K and 503 W/mz-K at the 90° and 0° positions respectively, is

given in Table l3 on page 362. The results indicate that given this distribution of the heat-transfer

coefficient, and a power input of 30 Watts, the maximum variation in surface temperatures is in the

order of 0.02°C.

With an average heat-transfer coefficient of 155 W/mz-K, and heat-transfer coefiicients of about

40.5 W/mz-K and 170 W/mz-K at the 90° and 0° positions respectively, the maximum variation

in surface temperatures is in the order of 0.05°C, when the input power is 20 Watts.

The maximum difference in bed temperatures around the probe is assumed to be l0°C in this

analysis, whereas the results in Chapter 6, show that bed temperatures beneath the probe can

sometimes reach 20, or occasionally 30°C over the average bed temperature. In that case, the vari-

ation in the probe surface temperature will be higher than those derived above. Another possible

cause of surface temperature variation not accounted for in this analysis is the uneven distribution

of the heat flux entering the inner surface of the copper annulus. The heating element is fixed

within the copper body with a high·conductivity epoxy, so that therrnal contact is not poor, but it

is possible that the thickness of the epoxy might vary slightly with angular position. However, the

effects of such factors must be small when compared with those caused by the angular variation in

heat-transfer coefficient and bed temperatures. The variation in surface temperatures should cer-

tainly be less than 1°C, which is sufficiently isothermal for this study, and is about the smallest

change in temperature that may be reliably detected by a thermocouple. Therefore, this analysis
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shows that a copper body with a thickness of 3 mm or greater surrounding the heating element, is

suflicient to produce an uniform heat-transfer surface temperature.
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Appendix D. Cyclic Floor Pressures for Vibrated

Beds of Master Beads

Experimentally measured floor pressures beneath vibrated beds of Master Beads are shown graph-

ica1ly‘on the following pages. Floor pressures are measured at three locations beneath the bed (see

Figure 13 on page 62), and for four different vibrational intensities, indicated within each figure.

The plots show the variation of floor pressures at all three locations usually over one vibrational

cycle; but if the bed trajectory is unstable, the pressure variation is shown over two cycles instead.

The floor pressure beneath the center of the bed is shown as a solid curve, the floor pressure at the

location halfway between the side-wall and the center is shown as a dashed curve, and the floor

pressure at the side-wall is shown as a dotted (or short~dashed) curve.

Figure 86 on page 365 to Figure 9l on page 370 give floor pressure variations beneath a 30-mm

deep bed of Master Beads of various particle sizes. Figure 92 on page 37l and Figure 93 on page

372 give floor pressure variations beneath 43.2-mm deep beds of 177- and 125-pm Master Beads

respectively. Figure 94 on page 373 and Figure 95 on page 374 give floor pressure variations be-

neath 60-mm deep beds of l77~ and l25~;4m Master Beads respectively.
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Note that the scale of the floor-pressure axis is constant over the range of vibrational intensities for

a given particle size, but the scale varies between one particle size and another.
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Figure 86. Cycllc floor pressures beneath a 30-mm deep bed of 707-pm Master Beads: The
variation over one vibrational cycle of floor gauge·pressures at three horizontal Io-
catlons beneath the vibrated bed. The vibrational frequency is 25 Hz, and K -2, 3, 4,
and 5. The particle size range is -20 + 30 U.S. Standard Mesh. Note: At K -5, the bed
trajectory is unstable causing the pressure waveform in one cycle to be different from
the next, therefore, two cycles are shown in this case. floor pressure at
the center of the bed, —-— floor pressure at the vessel wall, and——--floor
pressure halfway between the side-wall and the center.
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Flgure 87. Cycllc floor pressure: beneath a 30-mm deep bed of 500-pm Master Beads: The
variation over one vibrational cycle of floor gauge-pressures at three horizontal Io-
cations beneath the vibrated bed. The vibrational frequency is 25 Hz, and K -2, 3, 4,
and 5. The particle size range is -30 +40 U.S. Standard Mesh. ————— floor
pressure at the center of the bed, —-—— floor pressure at the vessel wall, and
——--floor pressure halfway between the side-wall and the center.
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Flgure 88. Cycllc floor pressure: beneath a 30-mm deep bed of 229-pm Master Beads: The
variation over one vibrational cycle of floor gauge·pressures at three horizontal Io-
cations beneath the vibrated bed. The vibrational frequency is 25 Hz, and K -2, 3, 4,
and 5. The particle size range is -60 +70 U.S. Standard Mesh. -—— floor
pressure at the center of the bed, —l floor pressure at the vessel wall, and
--——floor pressure halfway between the side-wall and the center.
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Flgure 89. Cycllc floor pressures beneath a 30-mm deep bed of 177-pm Master Beads: The
variation over one vibrational cycle of floor gauge-pressures at three horizontal lo-
cations beneath the vibrated bed. The vibrational frequency is 25 Hz, and K -2, 3, 4,
and 5. The partlcle size range is -70 +100 U.S. Standard Mesh. ——-——— floor
pressure at the center of the bed, ——-· floor pressure at the vessel wall, and
—-——floor pressure halfway between the side-wall and the center.
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Flgure 90. Cycllc floor pressure: beneath a 30-mm deep bed of 125-pm Master Beads: The
varlation over one vibrational cycle of floor gauge·pressures at three horizontal lo-
cations beneath the vlbrated bed. The vibratlonal frequency ls 25 Hz, and K -2, 3, 4,
and 5. The particle size range ls -100 +140 U.S. Standard Mesh. ——— floor
pressure at the center of the bed, -—-— floor pressure at the vessel wall, and
————floor pressure halfway between the slde·wall and the center.
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Flgure 91. Cycllc floor pressure: beneath a 30-mm deep bed of 88-pm Master Beads: The var-
iation over one vibrational cycle of floor gauge-pressures at three horizontal locations
beneath the vibrated bed. The vibrational frequency is 25 Hz, and K -2, 2.5, 3, and 4.
The particle size range is -140 + 200 U.S. Standard Mesh. Note: For this particle size,
the bed configuration is too unstable at K-5 to obtain any reliable data.
—————-— floor pressure at the center of the bed, l floor pressure at the
vessel wall, and—-——floor pressure halfway between the side·wall and the
center.
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Flgure 92. Cycllc floor pressures beneath a 43.2-mm deep bed of 177-pm Master Beads: The
variation over one vibrational cycle of floor gauge-pressures at three horizontal lo-
cations beneath the vibrated bed. The vibrational frequency is 25 Hz, and K -2.5, 3,
4, and 5. The particle size range is -70 +100 U.S. Standard Mesh. —-—l floor
pressure at the center of the bed, --··· floor pressure at the vessel wall, and
————floor pressure halfway between the side-wall and the center.
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Flgure 93. Cycllc floor pressures beneath a 43.2-mm deep bed of 125-pm Master Beads: The
variation over one vibrational cycle of floor gauge-pressures at three horizontal Io-
cations beneath the vibrated bed. The vibrational frequency is 25 Hz, and K-2.5, 3,
and 4. The particle size range is -100 +140 U.S. Standard Mesh. Note: At K-5, the
bed configuration is too unstable to obtain any reliable data ———— floor pressure
at the center of the bed, -·--— floor pressure at the vessel wall, and————floor
pressure halfway between the side·waI| and the center.
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Flgure 94. Cyclic floor pressures beneath a 60-mm deep bed of 177-pm Master Beads: The
variation over one vibrational cycle of floor gauge-pressures at three horizontal Io-
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pressure at the center of the bed, ···-—- floor pressure at the vessel wall, and
————floor pressure halfway between the side-wall and the center.
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Flgure 95. Cycllc floor pressure: beneath a 60-mm deep bed of 125-pm Master Beads: The
variation over one vibrational cycle of floor gauge-pressures at three horizontal lo-
cations beneath the vlbrated bed. The vibrational frequency ls 25 Hz, and K-2.5, 3.
4, and 5. The particle size range is -100 +140 U.S. Standard Mesh. Note: At K-5,
the center-high configuration is unstable, and floor pressures are shown for a wall-high
bunker configuration instead. ——— floor pressure at the center of the bed,
·-—— floor pressure at the vessel wall, and————floor pressure halfway be-
tween the side-wall and the center.
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Appendix E. Cyclic Floor Pressures for Vibrated

Beds of Glass Beads

Experimentally measured floor pressures beneath vibrated beds of glass beads of both high and low

densities are shown graphically on the following pages. Floor pressures are measured at three lo-

cations beneath the bed (see Figure 13 on page 62), and for four different vibrational intensities

indicated within each figure. The plots show the variation of floor pressures at all three locations

usually over one vibrational cycle; but if the bed trajectory is unstable, the pressure vaziation is

shown over two cycles instead. The floor pressure beneath the center of the bed is shown as a solid

curve, the floor pressure at the location halfway between the side-wall and the center is shown as

a dashed curve, and the floor pressure at the side-wall is shown as a dotted (or short-dashed) curve.

Figure 96ion page 376 to Figure 98 on page 378 give floor pressures beneath 30-mm deep beds

of low-density glass beads. Figure 99 on page 379 to Figure 101 on page 381 give floor pressures

beneath 30-mm deep beds of high·density glass beads.

Note that the scale of the floor-pressure axis is constant over the range of vibrational intensities for

a given particle size, but the scale varies between one particle size and another.
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Flguro 96. Cycllc floor pressures beneath a 30-mm deep bed of 707-pm low·density glass
beeds: The variation over one vibrational cycle of floor gauge·pressures at three
horizontal locations beneath the vibrated bed. The vibrational frequency is 25 Hz, and
K-2.5, 3, 4, and 5. The partlcle size range is -20 +30 U.S. Standard Mesh. Note: At
K -5, the bed trajectory ls unstable causing the pressure waveform in one cycle to be
different from the next, therefore, two cycles are shown in this case. ——l floor
pressure at the center of the bed, -—-— floor pressure at the vessel wall, and
———-floor pressure halfway between the side-wall and the center.
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Figure 97. Cycllc floor pressures beneath a 30-mm deep bed of 177-pm |ow·density glass
beads: The variation over one vibrational cycle of floor gauge-pressures at three
horizontal locations beneath the vibrated bed. The vibrational frequency is 25 Hz, and
K-2.5, 3, 4, and 5. The particle size range is -70 +100 U.S. Standard Mesh.
l- floor pressure at the center of the bed, -·-—- floor pressure at the
vessel wall, and————floor pressure halfway between the side-wall and the
center.
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Figure 99. Cycllc floor pressures beneath s 30-mm deep bed of 707-pm high-density glass
beads: The variation over one vibrational cycle of floor gauge-pressures at three
horizontal locations beneath the vibrated bed. The vibrational frequency is 25 Hz, and
K -2.5, 3, 4, and 5. The particle size range is -20 +30 U.S. Standard Mesh. Note: At
K -5, the bed trajectory is unstable causing the pressure waveform in one cycle to be
different from the next, therefore, two cycles are shown in this case. ————— floor
pressure at the center of the bed, -—·-— floor pressure at the vessel wall, and
-———floor pressure halfway between the side-wall and the center.
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Figure 100. Cycllc floor pressures beneath a 30-mm deep bed of 177-pm high-denslty glass
beads: The variation over one vibrational cycle of floor gauge-pressures at three
horizontal locations beneath the vibrated bed. The vibrational frequency is 25 Hz,
and K-2.5, 3, 4, and 5. The particle size range is -70 +100 U.S. Standard Mesh.
—— floor pressure at the center of the bed, ——·-— floor pressure at the
vessel wall, and————floor pressure halfway between the side-wall and the
center.
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Flgura 101. Cycllc floor pressures beneath a 30-mm deep bed of 88·pm hlgh·density glass
beads: The variation over one vibrational cycle of floor gauge-pressures at three
horizontal locations beneath the vibrated bed. The vibrational frequency is 25 Hz,
and K-2.5, 3, 4, and 5. The particle size range is -140 +200 U.S. Standard Mesh.
————-— floor pressure at the center of the bed, ·——— floor pressure at the
vessel wall, and————floor pressure halfway between the side-wall and the
center.
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Appendix F. Temperature Proliles in the

Heat-Transfer Probe Supports

An analysis of the heat conduction through a probe support to obtain a temperature prolile over

the length of the support is possible by making the assumptions listed in section 6.1.3.2 of chapter

6. Since the first 6.35 mm of the bexan section of the support is at a temperature (-9,, because of

its intimate contact with the copper body of the heat-transfer probe (see also Figure 74 on page

279), only the temperature in the second 6.35 mm varies with position. The temperature will also

vary along the entire length of the steel section of the support.

Only the section of the Lexan which is not isothermal, and the steel section of the support will be

considered. As shown in Figure 102 on page 383, the support is an annular structure with an inner

radius of 5, and an outer radius equal to the heat-transfer probe radius, 5. The cross-sectional area

of the armulus is 1r(rf — 5*) .

Consider a surface element of thickness Ax, along the length of this section of the support, which

is small enough, that the temperature is approximately (-3, along its width. If the heat [lux into the _

element is q,, and the heat flux out of the element is q„,„, a heat balance may be written over the

element as follows:
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Figure 102. Heat conduction within the heat-transfer probe supports: lllustration of the non-
isothermal Lexan and steel sections of a probe support. A typical surface element is
shown. The heat flux into the left side of the element is q,,, and that out of the right
side is q,, + qm,. Notation: G, - temperature at the beginning of the non-isothermal
Lexan section; G, - temperature at the Lexan-steel joint; G, - temperature at the end
of the steel section facing the ambient air; G, - temperature of the ambient air; G, -
average bed temperature; x - horizontal distance ordinate.
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wi — rf) Eqx — <1x+,r„] - h (ZM,) Ax <@x - @0 = 0 [F4]

Here, h is the overall surface·to·bed heat-transfer coefficient, and Gb is the bed temperature. Rear-

ranging this equation gives:

A4 2(Vr (Gx ‘ Gb)— —— —#—= 0 [F.2]
^" rf — rf

where Aq = (q„+b, — q,). Fourier’s law of heat conduction can be written as:

I
dGx

q — —

kwherek is the thermal conductivity of the material. Substituting for q using Fourier’s law in

equation [F.2], and taking the limit as Ax —• 0, gives:

d2@ 2/rrk#— #(60 -60):0 [R4]dxz rf — ryz X b

This is a general equation for the temperature gradient in any section of the support. The following

dimensionless variables may be introduced:

@1: ' Gb _ x
8 E 1l

Gb —- Gb
’

I

G,, as defined in section 6.1.3.2 of chapter 6, is the temperature of the isothermal section of the

Lexan support, and is the temperature read by the implanted thermocouple. The length of any

section of the support is I, so the length of the non-isothermal section of the Lexan is I,_ = (L- L),

and that of the steel section is L = (L- L). The distances L_ L_ and L are defined in Figure 74 on page

279. Using these dimensionless variables, equation [F.4] for the temperature profile along the

support may be written in the following dimensionless form:
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2dä — 229 = 0 [F.6]
dx

where

A2 =
zllrtl

kv? — nz)

For the non·isothermal Lexan section, the solution to equation [F.5] is:

9L=c, exp().LXL)+c2 exp(—lLXL) [F.6]

where

J2 2],% /1 r, xL
·L

E "“’“"
L XL =·' ‘ „

kw? — F?)
’L

and kL is the thermal conductivity of Lexan. Equation [F.6| describes the variation of the

dimensionless temperature 9L, of the non-isothermal section of the Lexan support, along its length

IL. The constants c, and 6,, can be evaluated using the following boundary conditions for this sec-

tion of the support:

9L = 1 at XL = 0
[F.7]

SL =·' Sl at XL = 1

The dimensionless temperature 9,, at the joint between the Lexan and steel sections of the support

is given by:

9: ' 9:8: E Ye-To ' b

where (-3, is the temperature at the Lexan-steel joint, as shown in Figure 74 on page 279. Solving

for c, and 6, using these boundary conditions gives:
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C
_ 9,-exp(—·lL)

and C
_ exp(ll)—8,

V 2sinh).L V zam),

Substituting these expressions for c, and Q into equation [F.6] gives the following expression for

the dirnensionless temperature profile along the length of the non-isothermal Lexan section of the

support:

91 Sinhf/11.Xz) + Sülhllrll — XJ)

Similarly, the general solution for the temperature profile within the steel section may be written

as follows:

exp( - lsxs) [F.9]

Here, .

, = X =sS kw? — nz) i i fr ’

and k, is the thexmal conductivity of steel. The constants c, and Q, can be evaluated by considering

the boundary conditions for the steel section. At the beginning of the steel section (x, = 0), the

temperature is equal to that of the Lexan-steel joint, i.e. G),. At the other end of the steel section,

heat is lost to the ambient air by convection, so

d(·D
°ks(9,

is the temperature at the end of the steel section facing the ambient air, (-3), is the temperature

of the ambient air, and h, is the heat—transfer coefficient for convective heat transfer from a flat plate

to air. These boundary conditions can be expressed in dimensionless form as followsz
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9, = SI at X, = 0

(9 -8) atx=l [F.l0]
dx: k: C G I

where

(B, - Üb ®a — Üb8* @„—@„ 8**8 8* @„—@4„

The group (h„L/k,) is dimensionless. Using these boundary conditions, the following expressions

are obtained for the constants in equation [F. 10]:

C
_ SI cxP( ' Ä:) “ ‘9I"ls cxP( ‘ ls) + *7:*9::

8
_

Zcosh 1,+ Zn, sinh ,1,

and _

4 Zcosh ,1,+ Zn, sinh A,

The dimensionless group n, is defined as follows:

hal,
*7 E "'“‘

k,4l,

Substituting these expressions for c, and cb in equation [F.9] gives the following expression for the

temperature profile within the steel section:

9 = 9426.])8
cosh A, + n, sinh ,1, °
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The interface temperature 9,, can be evaluated by assuming that the Lexan-steel joint is of zero

thickness. If that is the case, the heat flux from the end of the Lexan section at the joint, must equal

the heat flux into the adjoining end of the steel section. In mathematical terms:

d9L d9k 4 = k 4 [F.12]
[dx!. lX1.==l

S dl: lx„=°

For the Lexan section,

d8L
=

9l1f.LC9Sh»f.L • ÄL
XL =] sxnh ÄL

For the steel section,

d9s
=

rjs9„ —- 9,ls sinh ls 9,iys cosh ls
[R14]

dxs ,,,:0 cosh ls+>js smh ls

Substituting equations [F.l3] and [F.l4] for the thermal gradient at the joint in the bexan and steel

respectively, into equation [F.l2|, and solving for 9, gives:

F .9 + 1
s,cosh lL + Fsinh ls + Frjs cosh ls

The dimensionless factor F is given by:

F: li:lLkL
cosh ls + rjs smh ls

The dimensionless joint temperature 9,, may be evaluated by substituting actual values into the

temperature profiles. The radial dimensions of the support are:

F, = 6.35 X IO-] m

Q = 3 x
IO"]

m
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For the non-isothermal Lexan section,

1,_ = 6.35 X 10-3 m

kb = 0.2l W/m~K

Substituting these values into the expression for lb gives:

1}_= 0.07785 h [F. I6]

For the steel section,

1,=31.9X l0-am °

ks = 60.5 W/m-K

Substituting these values ir1to the expression for A, gives:

As = 0.00682 h [R17]

The surface-to-air heat-transfer coefiicient at the end of the steel section, may be estimated from a

correlation for convective heat transfer from a flat vertical surface into air which is flowing past the

surface, such as the following [Incropera and DeWitt,l98l]:

had1 1/2 1/3Nu, ET- = 0.664 126, Pr (Pr 2 0.6) [F.18]
2

It is assumed here, that heat transfer is taking place from a flat vertical plate with the same dimen-

sions as the heat-transfer probe diameter, d,. Re, E (usd,/o//4) and ks is the thermal conductivity of

air. The air density and viscosity are p and /4 respectively. The velocity of gas relative to the end

of the steel support, us, is equal to the average vibrational velocity of the vessel, which the heat-

transfer probe is fixed to. At any value of the vibrational intensity parameter K, the maximum ve-

locity of the vessel is given by (Kg/21:]), wherefis the vibrational frequency. Since the motion of

the vessel is sinusoidal, the average relative velocity of the end of the steel support, past the still air
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is ./2(Kg/21:]) . At K= 5, and a vibrational frequency of 25 Hz, the average relative velocity ux, is

0.22 m/s. Using this value of ul in equation [F.l8] gives h, : 20 W/mz-K.

Experimental observation shows that when the heat~transfer coefiicient is high, the temperature

9,,, indicated by the thermocouple implanted in the Lexan is always high. On the other hand, when

the heat-transfer coefficient is low, the temperature 9, is always low. These obsexvations are only

valid if a constant probe surface temperature (of 85°C in this study) is maintained for all exper-

iments.

An example of a bed that yields a high heat-transfer coeflicient is 177-pm Master Beads at K= 5.

The apparent value of the heat-transfer coefficient h, (obtained by neglecting heat losses through

the probe supports) is 450 W/mz-K in this case. The temperature profiles require a knowledge of

h, but for a first approximation, the apparent value of h may be used. Using this value of /1,

Ä: = 1.752

Experimeritally measured temperatures, taken after the bed reaches a steady state are:

90 = 66°C = 339 K

9,, = 20°C = 293 K

®b = 55°C = 328 K

9,, = 85°C = 358 K

Using these values in equation [F.l5] gives .9, = — 0.0067 . Therefore, the actual joint temperature

9,, is 327.9 K, which is so close to the bed temperature (given the assumptions made herein), that

it may be assumed equal to the bed temperature, 9,,.

The analysis for the heat loss into the ambient air from the end of the steel support, does not in-

clude conduction losses into the vibrating table assembly. For the sake of argument, assume that
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the total heat losses from that end of the steel support are 5 times that estimated above directly into

the ambient air. This will give a surface·to-air heat-transfer coefficient h,, of 100 W/m2·K. With this

value of h,, the dimensionless joint temperature 8, = — 0.03, giving a value of the actual joint tem-

perature G,, of 327.7 K. This temperature is still so close to the bed temperature, given the as-

sumptions made, that G, = G, . This shows that the convection and conduction losses from the end

of the steel support into the ambient surroundings have almost no effect on the temperature at the

Lexan-steel joint.

A typical example of a bed yielding a low heat-transfer coefficient is 707-,4 Master Beads vibrated

at K= 4. The value of h in this case is 171 W/m“·K, which gives:

ls = 1.080

Experimentally measured temperatures are as follows:

Go = 55°C = 328 K

G, = 20°C = 293 K

G, = 45°C = 318 K

Gp = 85°C = 358 K

Using these values in equation [F.l5] for the dimensionless joint temperature gives 8 = — 0.175.

The actual joint temperature G,, therefore, is 317.8 K, which is so close to the bed temperature

G,, that it may be assumed that G, = G, .

These results show that despite the value of the surface-to·bed heat-transfer coeflicient, the tem-

perature at the Lexan~steel joint is always almost equal to the bed temperature. Equation [F.1 1] for

the temperature profile within the steel section shows that since q, is small, 8, -• 8,, for small values

of X, . In other words, the temperature of at least a short section of the steel section close to the joint
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is equal to the bed temperature. Therefore, an isothermal barrier exists that prevents the flow of

heat down the steel section. The analysis shows that:

l. Only the Lexan section of the support need be considered when estimating the surface area

through which heat flows into the bed.

2. No heat llows directly from the heat-transfer probe to the ambient surroundings through the

probe supports.

Since 9,: 0, equation [F.8] for the temperature profile within the non~isothermal Lexan section

becomes:

Sinhüill — ul)0, - smb AL [F.19]

Altematively, this equation may be written in fully-dimensioned form for €),_(h,x) as follows:

5**)* UL ·X)kim — n)
@L(h,x) = ca, + (@0 - ca,)

I / 2/xr,
S

LThisequation for ®,_(h,x) can be used in equation [6.ll| to determine the actual heat-transfer co-

eflicient.
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