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1. SUMMARY

An original mathematical treatment was developed,
giving the pressure drop for a fluid traversing a bed
of so0lid particles. The energy equation for a fluid in
motion, together with the assumption that the particle
bed is equivalent to a group of parallel and egual-sized

channels, formed the basis of the mathematical treatment.

Pressure-drop equations were developed for
uniform fluid-flow through fixed beds and for pulsating
fluid-flow through fluidized beds. In béth cases the
final pressure-drop equation contained two terms, viz.
a frictional loss term and a kinetic energy loss term.
The latter term differs somewhat from that introduced,
by other investigators, for uniform fluid-flow through

fixed and fluidized beds.

The pressure-drop equation for pulsating fluid-

flow through fluidized beds may be reduced to:

—_ N | —
U+ bF[gg- I
! 1—€mJ m

This equation may be solved for the overall mean

void-fraction, € provided the following are known:

(a) The mean superficial velocity, U, and the

m9
corresponding pressure 4rop, APq.
(b) The constants a and b.
(¢) The fixed-bed voidage, €

(&) The form factor, F.

The constants a and b are obtained from the
fixed bed. The pressure-drop equation for uniform
fluid-flow/...
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fluid-flow through a fixed bed may be reduced to:

This equation may be solved for a and b.

The experimental procedure entails treating the
particle bed as a fixed bed by passing the fluid down-
wards through the bed. Superficial fluid velocities and
the corresponding pressure drops obtained are employed
to yield the constants a and b. The fixed-bed voidage
results from the ted volume and the particle density.
The particle bed is then fluidized by passing a pul-
sating fluid upwards through the bed. The mean super-
ficial velocities and the corresponding pressure drops
obtained, together with the constants a and b, are

employed to evaluate the voidage in the fluidized bed.

From such experiments the following was found
general to all pulsating fluidized beds: As the fluid
velocity is increased the pressure drop initially
increases parabolically, sgsimilar to uniform flow through
fixed beds. When the minimum fluidization velocity is
exceeded the pressure drop still increases, but is less
than the parabolic value. The deviation is due to void-
age increase. Above the maximum fluidization velocity
the pressure drop becomes independent of velocity due
to bubble formation. When the bed is fluidized the
Pressure drop, in addition, increases with pulse
frequency. Thus a family of pressure-drop curves is

obtained.

The pressure-drop equation for pulsating flow

through fluidized beds contains a form factor, F, in

the/. ..
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the kinetic energy term. From theoretical considera-—
tions, F was found to equal 1.2. This may be substantiated
from the plot of the modified Reynolds number versus the
modified friction factor, @ . The product of the dimen-

sionless groups may be reducesd to:

Re x @ = 2—
2

g

Correlation of the experimental data by the above

equation indicates F = 1.2 to be reasonable.

The effect of factors such as particle size,
pulse frequency and bed depth and diameter on the pul-
sating fluidized bed, may be studied from the voidage
behaviour. TFor this purpose, an empirical method of

void—-fraction representation is introduced.

It was found that the overall mean void-fraction
for any solid material may be correlated for all pulse
frequencies by a single straight line. The voidage
increases with increase in fluid velocity and decreases
with increase in pulse frequency. The slope of the
correlation line increases with increase in bed depth.
It follows that the voidage of the pulsating bed is a
function of bed depth and decreases, at constant
velocity, with increase in depth. Increasing the
particle size at constant bed depth causes the slope
of the correlation line to decrease. Thus, the velocity
increment required to effect a given voidage increase,
increases with particle size. The correlation line is
unaffected by incrcase of bed diameter. Thus, the
voidage of the pulsating bed is unaffected by bed

diamecter.

The/...
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The theory also enables the instantaneous
velocity curve to be constructed from the instantaneous
pressure-drop curve. For this purpose, a pressure-drop
transducer was constructed to reproduce the instant-
aneous pressure-drop on an oscilloscope. Graphical
integration of the resulting instantaneous velocity
curve yields the computed mean superficial velocity.
Good agreement between the computed and observed mean
superficial velocities appeared to substantiate the

proposed theory.

Large particles, 1 - 2 mm in diameter, are fluiad-
ized as readily as small particles. For larger particles
the pressure drop at increased bed depths becomes un-
stable. Thisg is due to an additional oscillation of
the bed proper, quite apart from that due to fluid

pulsations.

All experiments were performed with air, at
relatively low temperatures and pressures, as the
fluidizing medium. Particles ranging from 0.1 - 2.0 mm
in diameter were used in beds ranging from 9 - 58 cm
in depth. Pulse fregquencies ranged from 500 - 1200

pulses/minute.

© University of Pretoria
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SYuBOLS AWD TERMS EMPLOYRD
2.1 Symbols
Symbol Description
e constant
A cruss sectlonal area of
container
b slope of straight line
dc inside diameter of channel
D dizmeter of container
' frictional energy
F form factor
g Newton's conversion factor
K constant
L length of channel
LO unit bed length
M mass of solids
n number of observations
N total number of channels
ar pressure drop increment
APifm ;nstgntaneous pressure drop
in fixed bed
APim ;nstanpapeous pressure d4drop
in fluidized bed
A Pen total pressure drop across
fixed bed
5T§E; mean total pressure drop
across fixed bed
AF mean total pressure drop
across fluidized bed
Q volumetric flow

specific surface of solids

© University of Pretoria

Unit
gn sec/cm®

cm?

gm sec?/cm*
cm
cm

cm?®/sec?

cm/sec®
cm
cm

cm

£m

gm/cm ?

gm/cm 2
gm/cm?
gm/cm?
gm/cm?
gm/cm?

cm

cm® /em®
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Description

time
period

superficiel velocity based on
empty container

fluid velocity in channel
deviation velocity

superficial velocity at mean
bed conditions

instantaneous superficial
velocity

instantaneous particle velocity
instantaneous relative velocity
mean superficial velocity
specific volume

work done by system

filuid density

fluid density in channel
density of solids

stetistical correction constants
viscosity

Reynolds number

modified KReynolds number
friction factor

modified friction factor

void fraction

mean void fraction

overall mean void freaction.

© University of Pretoria

Unit
secs
secs

cm/sec

cm/sec
cm/sec

cm/sec
em/sec

cm/sec
cm/sec
cm/sec
cm® /gm
cm? /sec?
gm/cm 3
gm/cm?
gm/cm?

gm/cm sec

2.2/...
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2.2 Definition of Terms

For the simplification of the text, the

following terms are defined:

(a) Mean bed conditions

The mean bed conditions are the pressure and
temperature conditions existing at the geometric

centre of the bed of solid particles.

(b) Mean superficial velocity

The mean superficial velocity is the ratio of
the total fluid volume, at mean bed conditions,
passed through the bed per unit time to the cross-

sectional area of the bed container.

(¢) Minimum fluidization velocity

The minimum fluidization velocity is the mean
superficial velocity at which the particles in the

lowest layers just commence vibrating.

(d) Maximum fluidization velocity

The maximum fluidization velocity is the mean
superficial velocity at which bubble formation

commences.

(e) Pulse frequency

The pulse frequency is the time rate of
distinet fluid admissions. The duration of each

cycle may be denoted by T seconds.

(f) The mean void fraction

The mean void fraction is the ratio of the
interstitial volume to the total volume occupied

by the particle bed.

(g)/...

© University of Pretoria
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(g) Overall mean void fraction

The overall mean void fraction is the
effective void fraction existing in the

pulsating bed and may be defined by the equation:

€m

where T is defined in (e) above.

3./0en
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3. INTRODUCTICN

Although a number of the most important industrial
processes depends upon the efficient contact between a
bed of broken solid particles and a stream of ascending
gas or vapour, at the time this investigation was insti-
tuted little work had been done on the laws that govern

the pulsating flow of fluids through such beds.

The original object of the study was to treat solid
particles with gases under fluidized-bed conditions, with
the ultimate application of these results to the design
of a reactor to produce z low-volatile-content char from

South African coal.

The difficulties encountered when attempting to
fluidize relatively coarse materials, and especilally
particles of a fairly close sige-range, led to the idea
of using a pulsating flow of gas to overcome channelling

and bubble formation.

As far as could be established in the available
literature, this idea had only been utilized in a British
Patent Specification (Patent No. 806,677), where the
pulsating-flow technique was used for the plastic coating
of objects. However, this pamphlet gave very little detail
about the procedure employed and of the effect of the
different variables. Therefore, a more detailed study of

the fundamental principles involved was undertaken.

4./
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4, LITERATURE REVIEW

As far as could be established from the available
literature, no work had been published on the pulsating
flow of fluids through fluidized beds. A basis for the
mathematical development presented in the text was thus
required. The object of the literature review presented
is to define a basis for the subsequent mathematical
treatment, as well as to gain an insight into the proper-
ties of the fluidized bed and the difficulties that may
be encountered, e.g. the formation of bubbles and their
stability.

The classical expression for fluid flow through
porous media is based on the investigations of D'Arcyl)
on the flow of water through various types of soil, and
is usually written as:

U

KaAP/L
where U = velocity, K = coefficient of permeability,

AP = pressure drop, L = length.

This equation is almost identical with Poiseuille's
relation for viscous flow through capillaries, which is
theoretically derivable from Newton's shear-stress
definition of viscosity, and is usually given in the form
known as the Hagen-Poiseuille equationZ):

U = (d%*g/321)AaP/L

where 4 = tube diameter, pu = viscosity.

The similarity of these two equations was
responsible for the extensive attempts to analyse the
flow of fluids through packed and fluidized beds on the

assumption/...
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assumption that the bed is analogous to a group of
capillaries parallel to the direction of flow. The

problem, however, was to define the nature and size cf

the equivalent capillaries in such a2 manner as to establish

their equivalence rigorously.

Due to these difficulties, several empirical
relationships were put forward. One such relationship was
suggested by C.C. Furnas)> for cases of "tortuous" fluid
flow, under isothermal conditions, in a fixed bed of
broken solids, and may be expressed as:

_ N
AP = KU

where K, N = constants.

Dupuit4), realizing that the fluid velocity through
the interstices of the fixed bed must be greater than the
superficial velocity, extended the simple D'Arcy Law to
include the bed voidage. Assuming the bed voidage to be
uniformly distributed through the bed, the interstitial
velocity becomes U/e and the D'Arcy Law takes the form:

U = Ke(aP/L)

where & = void fraction.

BlakeB) was the first to zpply the methods of
dimensional analysis to describe the flow of fluids
through a packed bed, and also the first to describe the
particles in terms of surface area instead of particle
diameter. Essentially, Blake applied the results of
Stanton and Pannell6), who had demonstrated that for the
flow of fluids through circular ducts a unique plot is
obtained if the dimensionless groups R/pU® and DUp/u

are plotted against each other. The application of

Dupuit's/...
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Dupuit's and his own assumptions resulted in the dimen-

2 2
sionless groups ke /pJ and Up/uS.

The first pamphlet to appear which dealt with the
mechanics of fluidization as it is known today, was that
of Daniels7), who discussed the mechanics of flow in a
filuid catalytic cracking unit. This was followed by =a
paper reporting the extensive work of Parents) et al.
Based on a balance of forces, Parent gave the bed pressure
drop as the weight of the bed in the fluid stream per unit
area, or:

AP = (U/A)(A &) (pg =p p)
where A = area, Pg = density of solid,;)F = density of

fluid.

At this point in the development of the theory a
serious drawback was realized, in that neither of the
assumptions of equivalent capillaries and/or equivalent
rods takes cognizance of the continuocusly varying flow
cross-sections presented by the bed. The average voidage
at any cross-section of the bed may be assumed to be
equal to the average voidage at any other cross-section.
However, the size, shape, number, and location of the
voids differ at any cross-section. The voids are all
interconnected, either laterally or axially. Thus, a form
of veering braided flow results when a fluid passes through
2 bed. This is conducive to the production of eddies and
turbulence, and in turbulent flow the rapidly changing
shape and area of the flow cross-sections introduce
uncertainties in formulating the flow conditions. From

the mathematical point of view, it is no longer possible
to/...

© University of Pretoria



o
W UNIVERSITEIT VAN PRETORIA
=) UNIVERSITY OF PRETORIA
Qe YU

NIBESITHI YA PRETORIA

- 1% -

to neglect the inertia terms in the basic hydrodynamical
equation,

Ergung) was the first to recognise the fact that
the pressure loss experienced by a fluid flowing through
a2 bed is caused by simultaneous kinetic and viscous losses

and he proposed the following equation:

aPg 1-e)® W (1-€) 6U
_55—150%1_%+1'75—?ld

dizmeter of particle, g = viscosity of fluid,

where 4

Lot
I

superficial velocity.

The derivation of the above equation was subject

to the following assumptions:

(1) The granular bed is equivalent to a group of
parallel and equal-sized channels, so that the
total internal surface and the internal free
volume are equal to the total packing surface

and void volume, respectively, of the packed bed. .

(2) The pressure drop across a channel is given by
the Poiseuille equation, to which a term
representing kinetic energy losses, analogous to
that introduced by Brillouinlo) for capillary
flow, was added.

Richardson and Meiklell), in thelir investigzation

of sedimentation and fluidization, represented their

results by plotting 2 modified Reynolds number zgainst
a modified friction factor. In the Reynolds number the
average velocity of the fluid relative to the particles

was used, whilst the characteristic linear dimension was

taken/...
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taken as the reciprocal of the surface area per unit
volume of solid material, which resulted in the expression:

_ U
m Sy 1-¢

The friction factor was obtained by considering the
forces acting on 2an individual sedimenting particle, and

resulted in the expression:

¢ ' _ e2g(ps - PF)
m - ﬂ 72
Spp U
where U = relative velocity, S = specific surface.

The relation between the modified Reynolds number

and the modified friction factor was found to be:

For fluidization and sedimentation

Qn' = 3.36/Rem'
For flow through fixed beds
P’ = 5.0/Rem'

The lower coefficient in the relationship for fluidization
reflects the fact that the particles in the fluidized bed
system are free to arrange themselves in such a2 way as to

offer the minimum resistance to fluid fliow.

2)

Rowe and Henwood1 » in order to explain the
chzracteristics of a2 fluidized system, performed experi-
ments to illustrate the drag experienced by a sphere in
a2 fluid stream and how this drag varied in the presence
of neighbouriﬁg spheres. As a result, the following

conclusions were drawn:

(1) Spheres in line shield one =2nother so that
the drag of each 1s reduced. This is gquite a

long-range effect.

2)/...
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(2) In a close assembly the drag on a sphere

is increased.
(3) Adjacent spheres repel one another.

(4) Upstream-facing surfaces strongly attract

particles to any defect.

(5) Downstream-facing surfaces strongly expel
particles, but this is a force that falls

off rapidly with distance.

(6) A sphere in a2 downstream-facing surface
is subjected to a higher drag than any

other in a uniformly packed zrray.

(7) The drag on a sphere in an array varies

with packing arrangement.

The liquid-like properties of a fluidized bed
can be expleined in general terms by these conclusions.
Lateral repulsive forces will cause the bed to spread
and £ill its céntainer, whilst the greatly reduced
drag experienced by a particle which leaves the top
will cause it to fall back znd so maintain a stable
and definite upper limit. When the fluid velocity is
just sufficient to support a particle in the interior
of the bed, one on the surface will tend to be expelled
since the drag there is higher than elsewhere. If
expelled, the particle will soon fz1ll back as the
drag falls off rapidly with distance from the surface,
but its departure will reduce the drag on those re-
maining, which will then tend to close the wvacated

site. Thus, there is =activity on the surface of a bed,
with/...
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with numerous particles leaping free for a few
dizmeters and fzlling back again. The surface has very
great stability and a property somewhat znalogous to
surfzce tension. The repulsive forces will keep the
particles separated and physicel contacts between them
will be limited, so that the bulk of the bed has liguid-
like properties. Before the minimum fluidization
velocity is reached, the topmost layer of particles,
being subjected to the greatest drag, will begin to
1lift. Under conditions of uniform flow, fluidization
will start at the top and develop downwards as each

layer lifts and allows the one below it to follow suit

The foregoing also assists in the understanding
of the stability of voids and bubbles, once formed.

It nas been shown that the forces associated with a
surface lead to a form of surface tension and so main-
tain the stability of a downstream-facing surface. An
upstream-facing surface is similarly stable, for the
drag forces increase enormously as a particle approaches
it.

The relationships and arguments set out above
constitute the basis for the mathematical expressions
related to, and the physical characteristics of,
pulsating fluidized beds, both of which will be

developed and extended upon in the following chapters.

5./¢..
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5. DEVELOPMEKT OF A THEQRY FOR THE PULSATING
FLUIDIZED BED

5.1 Qualitative Description

If the fluid flow-rate through a bed of solid
particles is slowly increased, the pressure drop will
increase correspondingly and eventually a2 point will be
reached where the upward drag exerted on the particles
by the fluid Jjust equals the weight of the particles.
Increasing the fluid velocity still further will cause
the pressure drop, and hence the upward drag on the
particles, to increase further, thereby exceeding the
gravitational force on the particles. The ascending
fluid will, therefore, 1lift the particles, increasing
the bed voidage and decreasing the interstitial wvelocity
until the forces acting on the particles are again in
equilibrium. Further increase in fluid velocity will

cause further bed expansion.

In the case of the pulsating fluidized system,
the ascending fluid is admitted to the bed in periodi-
cally repeated pulses. A typical transient velocity
curve 1is shown in Figure 1. The transient fluid
velocity curve is comprised of two sections, viz. a
prominent peak and a damped cyclic decaying section.
The maximum amplitude in the latter portion of the
curve 1is generally about one-fourth that of the peak
amplitude for the type of valve utilized in these
investigations. As the volumetric fluid flow-rate
is increased, the peak amplitude will increase until

a point is reached where the peak fluid-velocity is

such/...
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such that the drag exerted on the particles is Just
sufficient to buoy the topmost layer of particles.

Any further increase in the volumetric fluid flow-rate
will cause the peak velocity to exceed the buoyancy
fluid flow value, and the particles in the topmost
layers will be 1ifted. When the fluid velocity
decreases to a value below the buoyancy velocity,
gravity will cause the particles to fall back to their
original positions. As the drag experienced by the
particles in the topmost layer is greater than that
experienced by particles in the interior of the bed,
bed expansion will be initiated at the solid-gas
interface and develop downward. A further increase in
the volumetric fluid flow-rate will cause a gradual
downward development of particle vibration until the
point 1s reached when all particles in the bed vibrate.

At this point fluidization is fully developed.

For the first part of the cycle the particles
will be lifted and accelerated in an upward direction.
During the latter part of the cycle, when the drag on
the particles is less than the gravitational force,
the resultant downward force will decelerate the
particles and eventually impart to them a downward
velocity. If the expansion of the bed is such that it
exceeds the contraction, the bed will undergo a nett
expansion. At this increased volumetric flow-rate,
each particle will vibrate in a vertical plane about
a mean position elevated relative to its previous

positién at =2 lower volumetric flow-rate. Further

increase/...
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increase of volumetric flow-rate in the pulsating
fluidized bed will result in a further increase in

effective bed-voidage.

Another factor influencing the effective bed-
voidage in the pulsating fluidized bed is the pulse
frequency. If the volumetric fluid flow-rate is main-
tained at a constant value and the pulse frequency is
increased, the period of particle acceleration will be
decreased. The amplitude of vibration of the solid
particles will thus be decreased, resulting in a
rclative decrease in bed voidage during each cycle.
Due to the inertia of the solid particles, which is a
function of particle density, there exists an upper
limit of pulse freqguency beyond which a point will be
reached where the particles cease to vibrate. This
upper limit will also be affected by particle shape.
A lower limit generally exists where pressure-4rop

determinations become inaccurate.

The progressive increase in volumetric flow-rate
will eventually result in bubble formation, followed
by pneumatic ‘transport of the solid particles. The
pulsating fluidized bed is thus a relatively stable
condition of fluid-solid contacting, which is inter-
mediate to z packed column, on the one hand, and a
normal fluidized bed on the other hand. A stable
fluid bed can be maintained, with a distinct bed
surface and little loss of particles through escape

from the bed.

5.2/...
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5.2 Theory

An original pressure-drop equation was
developed for uniform fluid-flow through fixed beds.
The final equation differs somewhat from other
similar equationsl6), the difference being in the
kinetic energy term. This pressure-drop equation was

modified to apply to pulsating fluid-flow through

fluidized beds.

The pressure-drop equation for uniform fluid-flow

through fixed beds.

A general pressure-drop equation may be
developed, based on the assumption that the particle
bed is equivalent to a group of parallel and equal-
sized channels. The energy equation for a fluid in
motion indicates that the total pressure-drop is
composed of frictional and kinetic energy losses.
The pressure drop across a channel is thus given by
the Poiseville equation, to which a term represent-

ing kinetic energy losses is added.

The velocity in the channel and the channel
dimensions may be eliminated in favour of the super-
ficial fluid-velocity and the specific surface of
the solids, respectively. This is effected by the

17) assumption, which states: The

use of the Kozeny
total internal surface and the free internal volume
of the channels are equivalent to the total packing
surface and the void volume, respectively, of the

granular bed. The final pressure-drop equation is

given by:

g/,
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2
1- KU
. 2 (+7Em) e m
:2I U e o & & 0 % & b lo*
gAme CapsS 2;3— m T i Emz(l—em) (10)

The pressure-drop equation for pulsating fluid-

flow through fluidized beds.

In the case of pulsating fluid-flow through
fluidized beds the pressure drop, velocity and
voidage vary with time. At any instant, however, an
equation such as Equation (10) above will be applic-
able, provided appropriate corrections are made.
Since the particle velocity is not negligible, the
velocity relative to the particles must be intro-
duced. The instantaneous pressure-drop equation is

thus given by:

1l-¢
_ 2(+7Cm)
gAP, = 20KuS = (Uim-—Uipm)
2
.\ BEp (Uim - Uipp)

2
Ly £q (1 —em)

In order to obtain mean values for a pulse cycle,
the above ecquation must be integrated with respect
to time and divided by the pericd. Integration is
possible if the instantaneous voidage is replaced
by the overall mean void-fraction, which, by
definition, is independent of time. The final

equation is given by:

g/,

* The equations are numbered in accordance with
Appendix 7.
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Integration of the square of the relative velocity
introduces an additional term, the form factor F, in
the kinetic energy term. From theoretical considera-

tions, F was found to equal 1.2. (See Appendix 8.)

Modificd Reynolds Number and Modified Friction Factor.

The theoretical value assigned to the form
factor may be tested by a plot of a Reynolds number
versus a friction factor. For this purpose a modified
Reynolds number and a modified friction factor,

applicable to pulsating fluid flow, were developed
along the lines suggested by Richardson and Meiklell).
Mean values of the dimensionless groups are obtained
by integrating with respect to time. The final result
is divided by the period. The characteristic dimen-

sion, in both cases, is taken as the specific surface

of the solids.

The resulting equation for the modified

Reynolds number is given by:

The eguation for the modified friction factor
is given by:

3
- g AP
¢=Em——‘—"‘——m ¢ 6 & & & & 0 O 6 6 & 0O 0 & 0 6 & o 9 0 (20)
sﬁKpUJ

6./...
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6. UTILIZATION OF EQUATIONS

The pressure-drop equation for uniform

fluid-flow through fixed beds,

)
1- BpK U
- oxept ) oy =

en” T L g (1-e )

gAP

fm

may be rewritten as:

B 2
Ame = g Um + b U

m

where

a = 2a K;sz (1—em)/g EH? Ceirroeesenesss (24)

o’
Il

oK/ Ly e, (1-e)  vevvvrvnninnae. (25)

In the pressure-drop equation for pulsating

fluid-flow through fluidized beds:

- 7 2
5 . &aps®  (I-&p) o PEPF Uy
m E;s

AP — —
g g LO € (l—em)

the constants 2KauS° /g and {3K[3/LO g may be
eliminated in favour of a and b, respectively.*
The resulting equation is given by:

-2 7
Em

€
LUy + bF

l—gm15;b ceeer. (26)

\1=€m)

1-—€m | €m

From the above equation the overall mean void-

fraction, ep, existing in the pulsating fluidized

bed,/...

* The constants a, B, S and Ly will differ from fixed
to fluidized beds. For the velocity ranges considered,
the variation will be small. The elimination procedure
is thus justifiable.
© University of Pretoria



W UNIVERSITEIT VAN PRETORIA
=) UNIVERSITY OF PRETORIA
A 4

YUNIBESITHI YA PRETORIA

- 24 -

bed, may be cvaluated if the following are known:
(i) The pressure-drop-velocity relation.
(ii) The fixed-bed voidage, € p.
(iii) The constants a and b.

(iv) The form factor F.

The fixed-bed voidage follows from the volume of the

fixed bed and the particle density.
The constants a and b, defined by the equation

2

A:me = g Um + b Um y

may be evaluated from the fixed-bed pressure-drop-

velocity relation. Use is made of the following

statistical equationsl5):
kgAme/Um: an+ bgUm L) L) ° LR ] L) (27)
-~ — < o < 2
;\»Ame = a}\Um i beUm ...... esereeeanes . (28)

The value of F was found, from theoretical
considerations, to equal 1.2. This value may be
verified from a plot of the modified Reynolds number
versus the inverse modified friction factor. The
product of the dimensionless groups, with the sub-
sequent elimination of the specific surface, can be
reduced to:

Re X d:= 2;

3|

Correlation of the experimental data by such an
equation will indicate whether the adopted theoretical

value is valid,

Representation/...
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Representation of the Void Fractions existing in

the pulsating fluidized bed.

The effect of factors such as particle size,
bed depth and bed diameter on the pulsating fluidized
bed may be studied from the voidage behaviour. To
this effect an empirical method of voidage represen-

tation is introduced.

For the conventionally fluidized bed the
voidage is usually plotted against the superficial
velocity. For the pulsating fluidized bed the void
fraction is plotted against the mean superficial
velocity in excess of the deviation velocity. The
deviation velocity 1s defined as that velocity at
which the pressure drop across the pulsating fluid-
ized bed deviates from the fixed-bed pressure-drop-

velocity relation.

The deviation velocity is generally difficult
to ascertain. This may be overcome by computing the
pressure-drop-velocity relation for the fixed bed at
a slightly increased voidage. This ensures a clear
intercept of the pressure-drop curves of the fixed

and fluidized bheds.

Instantaneous Functions.

The instantaneous pressure-drop-velocity
relation for the pulsating fluidized bed is given
by equation (14) in Appendix 7. Rearrangement and
substitution of equations (24) and (25), Section 6,

yield:

APim/...
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The instantaneous relative velocity curve may be
constructed from the instantaneous pressure-drop
curve by means of the above equation. Graphical
integration of the instantaneous relative velocity
curve yields the calculated mean superficial
velocity. If the agrecment between the calculated
and observed mean superficial velocities is good,
it may be concluded that the proposed theory is

acceptable.

© University of Pretoria
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7. EXPERIMONTAL APPARATUS

The following experimental apparatus had to be

designed and constructed:

a Rotary valve and drive mechanism.

b Bed container.

d

(2)

(b)

(¢) Pressure-drop transducer.
(d) Bed-height transducer.
(e)

e The transducer circuit.

fhe diagrammatic layout of the apparatus em-
ployed is shown in Figure 2. Air from the compressor
(A) flows to a tank (B), where the flow is smoothed.
The coarse adjustment of the flow rate is effected by
means of a needle valve by-passing air from the com-
pressor to the atmosphere. From tank (B) the air flows
through a second needle valve, facilitating fine adjust-
ment of the flow rate, to the rotary valve (C), where
pulses are imparted to the flow, and then to the bed
container (D). A by-pass system was incorporated across
the rotary valve to produce either a uniform or a pulsed
flow. A fluid flow-direction cross-over system was
incorporated across the bed container, facilitating the
conversion of the fixed bed into a pulsating fluidized
bed. From the bed container (D) the air flows through
two tanks (B) in series, rendering the air flow smooth,
and then through a rotameter (F) before being discharged

into the atmosphere.

7.1 Rotary Valve and Drive Mechanism

For the mechanical details of construction of

the rotary valve and the pictorial view of the

complete/...
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complete unit, see Figures 3 and 4 respectively.

The valve consists essentially of a piston, position-
ed and secured by means of two ball bearings, ro-
tating in a cylinder. The clearance between the
piston and cylinder was such that virtually no air
leakage occurred when the flow was interrupted. The
valve was so constructed that passage occurred once
with each revolution. The valve was coupled via a
variable speed drive to & synchronous motor. A
slotted disc was attached to the valve driving-
shaft to determine the pulse frequency by means of
a strobescope. The volumetric flow-rate through the

rotary valve was regulated by means of a needle valve,

7.2 Bed Container

The fluidized bed unit employed, see Figure 5,
consisted essentially of two sections, viz. a
conical section at the bottom serving to distribute
the entering air, and a cylindrical perspex column,
3 feet long by 5.7 irches in dlameter, serving
as the bed container. These two sections, bolted
together and sealed with a rubber gasket, rigidly
fixed the bed support between the flanges. The bed
support consisted of a perforated plate, affording
rigidity, covered by z 200-mesh wire screen. The
fluidized bed unit was fitted with a lower pressure
probe, protruding into the fluidized solids directly
above the bed support. The pressure probe was con-
structed of %" i.d. copper tubing, slotted on each

side and with the slots covered with 200-mesh

screen/ ...
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screen wire., The pressure probe, covering the
entire diameter of the container, was positioned so
that the slots were perpendicular to the direction
of fluid flow, Pressure ports, introduced at 6"
intervals, facilitated the positioning of an upper
pressure-probe directly above the solid-gas inter-
face. The pressure drop across the bed was obtained
either from a manometer or a pressure-drop trans-
ducer, or both in parallel, connected across the
upper and lower pressure-probes. The lower pressure-
probe, in addition, facilitated the determination
of the pressure relative to atmospheric pressure.
The bed temperature was obtained from a thermometer

placed above the lower pressure-probe.

The bed-neight transducer was supported above
the solid-gas interface by means of a metal rod
passing through a2 rubber seal in the "blanked-off"
end of the container and fitted with a micrometer
screw attachment. The micrometer screw attachment
allowed for the accurate positioning and calibration
of the bed height transducer. A 2" i.d. perspex
tube, at an angle of 450 at the top of the con-

tainer, facilitated admission of the solids.

7.3 Pressure-Drop Transducer (See Figure 6)

The principle of operation of the pressure-
drop transducer is essentially that of a variable
condensor. The transducer, consisting of a fixed

plate and a diaphragm, converts pressure variations

into/...
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into capacitive variations by deflection of the
diaphragm. The diaphragm was designed so that the
natural frequency of the diaphragm, being a function
of dimensions and material of construction, exceeds
the maximum pulse frequency to be encountered by a

factor of at least 10.

The fixed plate, constructed from 3" thick brass
plate to ensure rigidity, was positioned and elec-
trically insulated from the transducer body by means
of a set screw mounted in perspex. Capacity adjust-
ment, i.e, adjustment of the distance between the
fixed plate and the diaphragm, was effected by
rotation of the set screw. The volume of the pres-
sure chambers was designed to be as small as
possible and the chambers were lined with acoustic-
absorbing foam plastic. A water jacket was provided

to ensure constant operating temperatures.

The transducer, connected across the bed so that
an increase in pressure difference across the dia-
phragm increased the capacity, registered any

change in pressure drop as a D.C. potential.

7.4 Bed-Height Transducer (See Figures 7 & 8)

The principle of operation of the bed-height
transducer is essentially the same as that of the
pressure-drop transducer. In the case of the bed-

height transducer, however, capacitive changes

are produced by variation of the dielectric value.

The bed-height transducer consisted of a

perforated/...
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perforated circular fixed plate and a metal ring
electrically insulated from each other. Both the
ring and perforated plate were rigid constructions,
preventing any capacitive changes due to vibrations,
and were fixed relative to each other. The trans-
ducer may be raised or lowered into the fluidized
bed by means of a micrometer screw attachment. The
micrometer screw attachment, externally situated to
the bed, was attached to the transducer by means of

a connecting rod.

The transducer was lowered into the fluidized
bed so that the solid-gas interface was between the
ring and the perforated plate. The motion of the
solid-gas interface, changing the dielectric value,

was registered as a D.C. potential.

7.5 Transducer Circuit

The transducer forms part of a tuned circuit
which is kept in oscillation by a type 6J6 valve,
The oscillation is fed to a type ©6BN6 gated-beam
discriminator valve, the anode current of which
depends on the deviation of the oscillation fre-
quency from the resonant frequency of a parallel
resonant circuit. The variation of the anode current
was registered as a D.C. potential on the oscillo-
scope. The registered D.C. potential is proportional
to transducer capacity, which in turn is

proportional to the measured variable.

T46/ 40
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7.6 Manometers

All manometers were filled with a sufficient
quantity of distilled water to ensure sufficient
damping. Pressure connections to the manometers
were kept as short as possible, thus ensuring the

elimination of reflected pressure waves.
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8., EXPERIMENTAL PROCEDURE

8.1 The Fixed Bed

The fixed bed is characterized by the fact
that the solid particles have no degree of freedom
or, in other words, that the void fraction is in-
dependent of fluid velocity. In practice, the fixed
bed may be obtained by passing the fluid through
the bed from the top downwards. The particles
experiencing a downward drag, and being supported
by the bed support, have no degree of freedom. The
bed may thus be regarded as a fixed bed. In order
to attach any significance to the results obtained
from the experiments performed on the fixed bed, it
is necessary to obtain a randomly-packed fixed bed
which will be representative of conditions to be
expected in the fluidized bed. Experimentally, the

above requirement was obtained as follows:

The container was filled with suitable solid
particles and the fluid, in this case air, was ad-
mitted through the bed from the bottom at a pulse
frequency of 800 pulses per minute. The bed was
fluidized for a sufficient period so that the bed
could attain equilibrium. The fluid velocity, during
fluidization, was adjusted to be within the minimum
and maximum fluidization velocities. The fluid

velocity was then slowly decreased to zero.

The experiments performed on the fixed bed

prepared in this manner were to establish the

pressure/...
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pressure-drop-velocity relationship. The fluid,
under uniform flow conditions, was admitted from
the top. The fluid velocity was increased from zero
in suitable increments, and with each increment the

following observations were made:
(1) Pressure drop across the bed.

(2) Pressure above atmospheric pressure at

the lower pressure probe.
(3) Temperature in the bed.
(4) Rotameter reading.
(5) Temperature of fluid entering rotameter.
(6) Atmospheric pressure.

Sufficient velocity increments were taken to
ensure that the statistical methods of anelysing the

results obtained were valid.

8.2 Pluidized Bed

The fluidized bed is characterized by the
fact that the solid particles attain a degree of
freedom or that the void fraction is dependent upon
the fluid velocity. In practice, the fluidized bed
may be obtained by admitting the fluid at the bottom
of the bed. The experiments performed on the fluid-
ized bed were to determine the pressure-drop-
velocity relafionship. The fluid was intermittently
admitted to the bed at a fixed, predetermined
pulse frequency and adjusted to maximum fluidization

velocity. The fluid velocity was then decreased, in

suitable/...
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suitable decrements, to the minimum fluidization
velocity. The process was reversed, increasing the
fluid velocity incrementally back to the maximum
value. After each incremental change, the following

observetions were made:
(1) Pressure drop across the bed.

(2) Pressure above atmospheric pressure at

the lower pressure probe.
(3) Temperature in the bed.
(4) Rotameter reading.
(5) Temperature of fluid entering the rotameter.
(6) Atmospheric pressure.
The procedure was repeated, employing

different pulse frequencies.

8.3 Instantaneous Pressure Drop and
Particle Velocity

These experiments were performed to establish
the instantaneous pressure-drop-velocity relation-
ship and the behaviour of the solid-gas interface

during a single pulse-cycle.

The pressure-drop transducer, in parallel
with a manometer, was connected across the bed.
All pressure connections were kept as short as
possible, ensuring the elimination of reflected
pressure waves. If any reflected pressure waves
do arise in the short pressure leads, their

frequency will be such that, on superimposition

on/ ..
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on the pressure complex existing across the bed,
they will appear as high frequency, low amplitude

superimpositions.

The bed was fluidized, and the bed-height
transducer positioned and allowed to attain tempe-
rature equilibrium. The fluid velocity was incre-
mentally increased from the minimum to the maximum
fluidization velocity, and with each increment the

following observaetions and determinations were made:
(1) Pressure drop across the bed (from manometer).

(2) Pressure above atmospheric pressure (at the

lower pressure probe).
(3) Temperature in the bed.
(4) Rotameter reading.
(5) Temperature of fluid entering rotameter.
(6) Atmospheric pressure.

(7) Photographic images of the instantaneous

pressure drop and interface traces.

With a double-beam oscilloscope, the one bveam
serving as the base line for both pressure drop and
bed height at static conditions, photo imeges of
the following traces were obtained by utilization

of the second‘beam:

(1) 4 trace of the instantaneous pressure-drop

transient response relative to the zero

pressure-drop base line.
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(2) A trace of the interface transient
response relative to the minimum bed-

height base line.

(3) The trace of the interface transient
response relstive to the pressure~drop
transient response curve, utilizing
both the bed-height transducer and the

pressure-drop transducer,

Superimposition of the three photo images
yielded a compnsite trace of the pressure-drop
transient response curve and the interface tran-

sient response curve relative to the base line,

The pressure-drop transducer was calibrated
against a water manometer. Calibration of the bed-
height transducer was effected by the lowering of

the transducer into the fixed bed.

9./ ...
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9, EXPERIMENTAL RESULTS

In essence, each experiment consisted of
of treating a bed of solid particles, first as a fixed
bed and then as & pulsating fluidized bed. From the
fixed-bed pressure-drop-velocity observations the

constants a and b, defined by:

L 2
AP, =a U + DU ceiiiiiiiiiiiiiininn, (10a)

may be evaluated. The constants a and b are subsequently
employed in the evaluation of the overall mean void-

fraction existing in the pulsating fluidized bed.

The constants a, 8, K, p, p, S and Ly are
eliminated from equation (15), in favour of a and b,

resulting in:

e 3 Mg | — e 1? fi-€
AP :ain]. i i +bFP__f£i S ... (26)
= Ep! l-egpl T En -Tp

From the pressure-drop-velocity observations for the

—

pulsating fluidized bed, the overall mean void-fraction,

ey may be evaluated.

For each experiment performed, the overall
mean void-fraction existing in the pulsating fluidized
bed was evaluated in velocity ranges and pulse-
frequency ranges determined by the solid particles

employed.

Apart from the effect of pulse frequency
upon the overall mean void-fraction, the effect of the

following additional variables was studied:
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bed depth,
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the reproducibility of results.

In addition, the pressure drop per cycle was

obtained, from which the instantaneous relative

velocity curves were constructed by means of

equation (30).,

9.1 Pixed-Bed Results:

The results of experiments performed on the

various fixed beds are tabulated in Table 4 below.

TABLE A
Number mploye egm - a X
Al Zeolite 9.7  0.1-0.7 0.793 4.35
Bl Clover Seed i 10.1 | 0.9-1.1: 0.663 4.34
Cl Rape Seed 9.0 1.2-1.9 0.130 2.40
D1 Zeolite 15.7 0.1-0.7: 1.520 6.10
El Zeolite 25.0 0.7-1.01 0.899 5.90
Fl Rape Seed 58.0 1.2-1.9: 0.870 13.70
Gl Clover Seed  11.0 : 0.9-1.1 0.646 3.50
9.2/...
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Pulsating Fluidized Bed Results

9.21 The effect of particle size

The effect of particle size on the overall
mean void-fraction existing in the pulsating
fluidized bed wzs studied by employing particles
ranging from 150 mesh to 1.9 mm in diameter.

Bed depths varying from 9 to 10 cm were employed.
The bed cross-sectional area was 6.6 cm® and air
was used as the fluidizing medium. The physical
characteristics of the solid materials and the
experimentel conditions employed are summarized

below.

Experiments AZ - AD

Yaterial used: Zeolite.

Size range: 0.1 to 0.7 mm in diameter.
Specific surface: 106.4 cm®/cm®
Fixed-bed depth: 9.7 cn.

Fixed-bed void-fraction: 0.365.

: ‘ment | Velocity Pulse

Xperimen Range Frequency
No. cm/sec pulses/min
AD 6.4 - 10.4 800
Al 7.7 - 10.4 1000
A5 7.7 - 10.4 1100

Experiments/...
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Material used: Clover seeds.

Size range: 0.9 to 1.1 mm in diameter.

Specific surface: 80.3 cm?/cm®.

Fixed-bed depth: 10.1 cm.
Fixed-bed void-fraction: 0.33%5.
Experiment Velocity Pulse
No. Range frequency
cm/sec pulses/min
B2 6.0 - 12.2 800
B3 6.3 - 12,0 900
Experiments C2 - C3

Material used: Rape seed.

Size range: 1.2 to 1.9 mm in diameter.

Specific surface: 53.3 cm®/cm®.

Fixed-bed depth: 9.0 cm.
Fixed-bed voidage: 0.3€5,
Experiment Velocity Pulse
No Kange Freguency
cn/sec pulses/min
ce 23.0-36.7 800
C3 22.2-36.9 900

The pressure-drop-velocity observations for

experiments A, B and C are represented graphic-

ally in figures G, 10 and 11l.

The overall mean void-fractions existing in the
pulsating fluidized beds are represented gra-

phically for the experimentel series A, B and

¢ in figures 12, 13 and l1l4.

Individual readings and computed results are

given in the appenaices.
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The mean total pressure-drop (APp) across the

fluidized bed as a function of the mean superficial

velocity (ﬁ;).
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The overall mean void fraction (€p) in the fluidized

bed versus the mean superficial velocity in excess of the

deviation velocity (Up - Ug).
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Figure 13

The overall mean void fraction (€g) in the fluidized

bed versus the mean superficial velocity in excess of the

deviation velocity (Up - Ug)-
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Figure 14

The overall mean void fraction ( é:;) in the
fluidized bed versus the mean superficial velocity in

excess of the deviation velocity (Um - Ug).
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9.22 The effect of bed depth

The effect of bed depth on the overall
mean void-fraction existing in the pulsating
fluidized bed was studied by employing particles
ranging from +150 mesh to 1.9 mm in diameter.
Bed cross-sectional zrea was 6.6 cm2 and air was
used as the fluidizing medium. The maximum bed
heights employed were controlled by the behaviour
of the bed under pulsating conditions. The
physical characteristics of the solid materials
employed and the experimental conditions are

summarized below:

Experiments D2 -~ D5

Material used: Zeolite.

Size range: 0.1 to 0.7 mm diameter.
Specific surface: 105.5 cm®/cm®
FPixed-bed depth: 15.7 cm.

Fixed~ved voidage: 0.350,.

- iment | Velocity Pulse

, pxperimen Range Frequency
No. cm/sec pulses/min
D2 7.7 - 10.3 800
D3 707 - 1003 900
D5 7.7 - 11,7 1100

Experiments/...
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UXperiments E2 - E5

Yaterial used:
Size range:
Specific surface:

Fixed-bed depth:

0.7 to 1.0 mm in diameter.
73.3 onf /cm®,
25.0 cnm.,

Zeolite.

Fixed-bed voidage: 0.368,

Experiment Velocity Pulse
No. Range Freguency
cm/sec pulses/min

E2 12.7-18.0 700

£3 12.0-17.2 800

o4 13.0-18.0 900

E5 12.0-17.4 1000

Experiment F2

Material used: Rape seed.

Size range:
Specific surface:

FPixed-bed depth:

1.2 to 1.9 mm in diameter.
51.6 cm®/cm®.

58 cm.

Fixed-bed voidage: 0.365,

. Velocity Pulse
Expe§;ment Range Frequency
cm/sec pulses/min

re 21.2-23.8 500

The pressure-drop-velocity observations for the

series of experiments D, E and F are represented

graphically in figures 15, 16 and 17.

The overall mean void-fractions existing in the

pulsating fluidized bed are represented graph-

ically for the series of experiments D, E and F

in figures 18, 19 and 20.

© University of Pretoria

9.23/...



uuuuuuuuuuuuuuuuuu

13:2] J

128

124}

fixed bed depth=15-7 ¢mr

6 symbol experiment
x D2 |
. Ds |
D% . Da
. Ds

108

104

Figure 15
The mean total pressure-drop ( APp) across the

fluidized bed as a function of the mean superficial

velocity (Ug).
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Figure 16

The mean total pressure drop ( APp) across the

fluidized bed as a function of the mean superficial

velocity (Up).
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The mean total pressure-drop ( APp) across the

fluidized bed as a function of the mean superficial

velocity (Up)-
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Figure 18

The overall mean void fraction ( €g) in the fluidized

bed versus the mean superficial velocity in excess of the

deviation velocity (Up - Ug).
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Figure 19

The overall mean void fraction (€g) in the
fluidized bed versus the mean superficial velocity in

excess of the deviation velocity (Up - Uq4)-

© University of Pretoria



RIA

357

3
355
354
353

€. x10 //
3:52

fixed bed depth = 58 cm
351 N ﬂ/
L - symbo! experiment
. l F2
35
U Y, <CM/SEC>
|
O O-5 -0 I-5 20 25 30
Figure 20

The overall mean void fraction (Z:_m) in the

excess of the deviation velocity (Ug - Ug).
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9.23 The effect of increased bed diameter

The effect of increased bed diameter on the
overall mean void-fraction existing in the pul-
sating fluidized bed, was studied by employing
clover seed particles. The bed cross-sectional
area was 1lncreased from 6.6 cm® to 165 em?, and
alr was again used as the fluidizing medium. The
physical characteristics of the solid material
used and the experimental conditions are sum-

marized below:

Experiments G2 - G7

Naterial used: clover seed.

Size range: 0.9 to 1.1 mm in diameter.
Specific surface: 80C.3 cm?®/cm®.
Fixed-bed depth: 11.0 cm,

Fixed-bed voidage: 0.3%45.

Bed area: 165 cm?®.

Expe§g?ent V;;g;gty Frggéggcy
cm/sec pulses/min

G2 8.7 - 12.8 800

G3 7.8 - 12.1 800

G4 7.8 - 12.6 900

G5 7.9 - 12.2 1000

G6 8.7 - 12.2 1100

&7 8.5 - 12.2 1200

The pressure-drop-velocity ‘observations for
sxperiments G are represented graphically in
figure 21. The overall mean void-fractions
existing in the pulsating fluidized bed are

represented graphically in figure 22.

9.24/...
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Figure 21

The mean total pressure-drop ( APp) across the

fluidized bed versus the mean superficial velocity (ﬁ;).
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Figure 22

The overall mean void fraction ( €p) in the fluidized
bed versus the mean superficial velocity in excess of the

deviation velocity (Up - Ug).
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9.24 Reproducibility of results

The purpose of the G2 and G3 series
of tests in the aforementioned table was
to check the reproducibility of results
obtained. The results are graphically

illustrated in figure 21.

Instantaneous/...
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9.25 Instantaneous functions

Experiments were performed to obtain the
instantaneous pressure~drop across the pulsating
fluidized bed under various conditions. From the
instantaneous pressure-drop curve the instanta-
neous relative-velocity curve may be computed,
which, in turn, yields the computed mean super-
ficial velocity. Comparison of the computed and
observed mean superficial velocities will indi-

cate the validity of the theory.

The applied pulse-frequencies ranged from
800 to 1200 pulses/minute. In addition to the
effect of the pulse frequency on the instantaneous
pressure-drop, the effect of velocity variation
was also studied, employing a constant pulse-
frequency of lObO pulses/minute. The physical
characteristics of the solid material and the
experimental conditions employed are summarized

below:

Experiments/...
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Experiments H1 - H7Y

Sulid material: Clover seed.

Size range: 0.9 to 1.1 mm in diameter.
Specific surface: 80.3 cm?/cm®.
Fixed-bed depth: 11.0 cm.

Fixed-bed voidage: 0.345.

Experiment . Pulse Frequency Ax%z?€0§%§er£é?égg
No. pulses/min Ovserved | Computed
H1 1000 11.53 11.2
H? 1000 10.8 10.9
H3 1000 9.2 9.3
H4 g00 10.3 10.3
HS 900 10.3 10.3
H6 1100 10.1 10.2
H7 1200 9.9 9.9

Typical instantaneous pressure-drop curves, and
the corresponding computed relative superficial-

velocity curves, are given in figures 23 to 26.

10./..0
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DISCUSSICN OF RESULTS

10.1 Properties of the Pulsating Fluidized Bed.

10.11 Bubble suppression

So0lids, which are otherwise difficult to
fluidize, may be readily fluidized without bubble
formation by a pulsating flow. A proposed mechanism

for bubble suppression is given below.

Due to the inertia of the particles, a finite
period is required for bubbles to form. The decay
of the fluid velocity is such that the bed collapses
before bubbles have developed. Thus, although the
peak velocity during a pulse cycle may be sufficient
for bubble formation, bubbles are still suppressed.
In addition, the particle vibration will cause any

small bubbles present to collapse.

10.12 Bed oscillation

At increased bed depths the bed proper
attains an additional oscillation apart from
particle vibration. The oscillation frequency is
generally muéh less than the fluid pulse frequency.

The following mcchanism is suggested.

Due to fluid expansion, the particle dis-
placement increases along the bed, being the
greatest at the top. Due to the difference in dis-
placement, the direction of particle motion at the
top of the bed will be out of phase with that at
the bottom. The particle vibration in the interior

of the bed will periodically be suppressed, giving

rise/...
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rise to local voidage reductions. The pressure

drop across the bed will thus vary from time to

time,

10.2 Fixed Bed Results

The constants a and b, employed in the
evaluation of the voidage in the pulsating fluidized
beds, arc obtained from the fixed bed. Referring to
Table A on page 39, it may be seen that the magni-
tude of b is roughly 1% that of a. It thus follows
that the kinetic energy losses are no longer neg-
ligible. In the fixed bed the pressure drop increases

parabolically with velocity.

10.3 Pulsating Fluidized Bed

10.31 The pressure-drop-velocity relation for the

pulsating fluidized bed.

When the fluid velocity is increased, the
pressure drop will initially increase parabolically,
similar to uniform fluid-flow through a fixed bed.
When the minimum fluidization velocity is exceeded,
the pressure drop still increases but is less than
the predicted parabolic value. This deviation is
due to the bed-voidage increasing with fluid
velocity. When the maximum fluidization velocity
is exceeded, the pressure drop tends to be inde-
pendent of velocity. This is due to large volumes

of fluid passing through the bed as bubbles.

In the experiments, the fluid velocity was
varied between the minimum and the maximum fluid-

igation velocities. Velocities outside this region

were/ ...
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were considered to be of lesser importance.

10.32 The effect of pulse frequency on the

pressure drop.

The amplitude of particle vibration, and
hence the effective bed voidage, will decrease with
increase in pulse frequency. The pressure drop at
constant velocity will thus incrcase with increase
in pulse frequency. When various pulse frequencies
are employed, a family of pressure-drop curves will

result.

Upon increase of the pulse frequency, the
particle vibration will eventually cease. This
gives the upper pulse-frequency. Being a function
of particle inertia, the limiting frequency will
be expected to decrease with increase in particle
size. As particle vibration is zero at the limit,
the experimental upper frequency was taken at
roughly 100 pulses/minute below the limiting value.
From Experiments A and C it is seen that the upper
frequency decreases from 1200 to 900 pulses/minute
if the size range is increased from 0.1 - 0.7 %o

1.2 = 1.9 mm in diameter.

At low pulse-frequencies pressure-drop

determinations become inaccurate.

10.33 Pactors limiting the bed depth.

Bed depths are limited by two factors, viz.

bubble formation and bed oscillation.* If the

particle/...

%¥ See section 10.12.
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particle size range is large, segregation occurs
and the smaller particles accumulate in the top

of the bed. The maximum fluidization velocity thus
varies along the bed, being less at the top. At
increased depths, the velocity increase due to
expansion may be such that bubbles form in the top
of the bed. In ths experimental series D, using
0.1 - 0.7 mm diameter particles, bubbles occurred

at a depth of 16 cm.

For larger particles, bed oscillation
limits the depth. In the experimental series E,
using 0.7 - 1.0 mm diameter particles, oscillation
occurred at 25 cm. In the series F, using 1.2 -
1.9 mm particles, oscillation occurred at a depth
of 40 cm. The bed depth was increased to 58 cm.
Oscillation became so severe that pressure-drop
determinations were possible only at low pulse-

frequencies.

It thus appears that the maximum bed-depth

increases with increase in particle size.

10.34 Void fraction within the pulsating

fluidized bed.

When the fluid velocity is increased, the
voidage will initially remain constant. When the
minimum fluidization velocity is exceeded, the
voidage will increase with velocity. Above the
maximum fluidization velocity the voidage wiil
vary with time due to bubble formation. In

Experiment F low velocities were used, due to

bed/...
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bed coscillation. Here the voidage initially

remains constant, as may be seen from Figure 20.

Void fraction data are represented empiric-
ally by plotting against the mean superficial
velocity in exccss of the deviation velocity.
Referring to figures 12, 13, 14, 18, 19, 20 and 22,
it will be scen that the voidage for all pulse
frequencies may be correlated by a straight line.
The voidage at constant velocity decreases with

increase in pulse frequency.

10.3% The effect of various factors on the

voidage of the pulsating fluidized bed.

The effect of particle size, bed depth and
bed diameter on the pulsating fluidized bed may be

studied from the voidage correlation.

Curves 1, 2 and 3, in Figure 27, indicate
that the slope of the correlation line decreases
with increase in particle size. Thus, to effect a
given voidage increase, the velocity required
increases with increase in particle size.

Comparison of curve 1 with curve 4 and of
curve 3 with curve 6 indicates an increase of
slope with increase in bed depth. The effective
voidage at constant velocity 1is, thus, a function
of bed depth and decreases with increase in bed
depth.

Comparison of curves 2 and 7, in Figure 27,
indicates that the voidage is independent of the
bed diameter.

10.36/...
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curve material fixed bed bed areg specific surface
number employed depth
cm cmt cm/cm
| zeolite 9.7 6-6 106- 5
2 clover seed 10 6-6 80- 3
3 rape seed 90 6-6 53-3
4 Zzeolite 15-7 6-6 1055
5 zeolite 250 6-6 73-3
6 rope seed 58-0 6-6 51-6
7 clover seed 10 165-0 80-3
Figure 27

The overall mean void fraction (?5;) as a function
of the mean superficial velocity in excess of the deviation
velocity (Ug - Uq) for the experiments indicating the effect
of particle diameter, bed depth and bed diameter on bed

voidage.
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The modified Reynolds number (Re) versus the inverse

modified friction factor (1/¢)
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10.36 Modified Reynolds number and modified

friction factor.

The modified Reynolds number and the modi-
fied friction factor serve to substantiate the
value of the form factor, F, obtained from theoreti-
cal considerations. The product of the dimensionless

groups 1s given by:

|\ﬂ

Re x @ = 2= = 3,47

2

!

Correlation of the experimental data by this
relation, in Figure 28, indicates that F = 1.2 is

satisfactory.

In Figure 28 the experimental results are
compared with curves for uniform fluid-flow through
fixed and fluidized beds. The pulsating fluidized
bed shows a curve similar to that of a conventional

fluidized bed.

In Appendix 5 the product of the dimension-
less groups is not constant. This may be due to the
fact that in the equation for the specific surface

no cognisance is taken of kinetic energy losses.

10.37 Velecity range.

The velocity range for the pulsating fluid-
ized bed is taken as the range in which bubbles
and chennelling arc absent. The veloclity range is
small and increases with particle size. In Experi-
ment A, using particles of 0.1 to 0.7 mm in diame-

ter, the velocity range is 6.4 - 10.4 cm/sec. In

Experiment/...
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Experiment C, using 1.2 - 1.9 mm particles, the
velocity range increases to 22 - 37 cm/sec. These
results also indicate that the minimum fluidization
velocity increases with particle size. The velocity
range decreases with increase in bed depth. Compari-
son of Experiment C with Experiment F indicates a
decrease in velocity range from 22 - 37 cm/sec to

21 - 24 cm/sec when the bed depth was increased from

9 cm to 58 cm.

10.38 Instantaneous functions

The theory facilitates the construction of
the instantaneous relative-velocity curve from the
instantaneous pressure-drop curve. Comparison of the
computed mean superficial velotity, obtained from
the instantaneous relative-velocity curve, with the
observed mean superficial velocity, indicates the
plausibility of the proposed theory. Observed and

computed mean superficial velocities are given below.

Experiment Meanvzgggﬁf;c1al Pulse
Number cm/sec Frequency
Observed | Computed | Pulses/min

H1 11.% 11.2 1000

H2 10.8 10.9 1000

H3 9.2 9.3 1000

H4 10.3 10.3 800

H5 10.3% 10.3 900

H6 10.1 10.2 1100

H7 9.9 9.9 1200

As may be seen, the agreement is excellent,

which would seem to substantiate the proposed theory.

Figures 23 to 26 show typical instantaneous

curves. The non-specific, instantaneous bed inter-

face/...
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face curves are included merely to serve as an

illustration of the type of motion to which the

particles are subjected.

At low volumetric flow-rates the particles
will be lifted due to the drag exerted on them,
but the decay of the fluid velocity will be such
that the particles will fall back and resettle as
a fixed bed. This is illustrated in Figure 24. A%
increased volumetric flow-rates (refer to Figure 26),
the bed expansion will be such that during the decay
of the fluid velocity the particles cannot resettle
into 2 fixed-bed configuration. The particles in
their downward motion will encounter the next fluid
pulse and the particle motion will be arrested and
eventually reversed. Thus, at greater volumetric
flow-rates the particle bed is never in a settled
fixed-bed state. The phase lag between the bed
interface and the fluid velocity is caused by the

particle-bed inertia.

© University of Pretoria



IVERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA
IBESITHI YA PRETORIA

11. FINAL CONCLUSIONS

Solids, which are otherwise difficult to
fluidize, =are readily fluidized with pulsating fluid-
flow. In pulsating beds of moderate depth, channelling

and bubble formation may be effectively eliminated.

As the fluid velocity is increaesed, the pressure
drop initially increases parabolically, similar to
uniform fluid-flow through fixed beds. Above the mini-
mum fluidization velocity the pressure drop still
increases, but is less than the parabolic value. Above
the maximum fluidizetion velocity the pressure drop
becomes independent of velocity. When the bed is fluid~
ized, the pressure drop increases with pulse frequency.
Thus a family of pressure-drop curves is obtained. The

pressure drop decreasses a&s particle size incresases.

The voidage of the pulsating fluidized bed,
although independent of the bed diameter, was found to

depend on other factors as follows:

Firstly, the voidage was found to decrease with
both increasing pulse frequency and increasing bed
depth (at constant velocity). Further, the voidage
incressed with velocity and the effect was found to

depend on particle sigze.

The velocity range in which bubbles are
suppressed is small. The velocity range 2t constant
bed depth increases with increase in particle size.

The velocity range decreases with increase in bed

depth.

An/...
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An upper pulse-frequency exists beyond which
particles cease to vibrate. The upper pulse-frequency
decreases with increase in particle size. If the bed

proper oscillates, only verylow pulse-frequencies sre

suitable.

Bed depths are limited by either bubble forma-
tion or oscillation of the bed proper. The maximum bed

depths increese with particle size.

Large particles, up to 2 mm in diameter, are

fluidized as readily as smaller particles.
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APFENDICES

APPENDIX 1

FIXED-BED EXPERIMENTS

The Pressure-drop-velocity observations for

the experiments performed on the various fixed beds

are given in Tables 2 to 8.

Ame = a Um + b Um

2

ooooooooooooooooooo

The constants a arnd b, defined by the equation

together with other physical characteristics of the

various fixed beds, are given in Table 1.

© University of Pretoria

TABLE 1
Table | Lxper- Constants %g?g Fixed Spgci-
iment -5 | Drac- Bgd fic
No. To. a lbvx10 % Height | Surface
ion 2 5
€ cm cm” /em
2 A 0.793 4.%5 0.365 9.7 106.4
3 Bl 0.663 4.%4 0.335: 10.1 80.3%
4 Cl 0.130 2.40 0.365 9.0 53.3
5 D1 1.520 6.10 0.350 : 15.7 105.5
6 3 0.899 5.90 0.368 i 25.0 13.%
7 Fl 0.870 : 13.70 0.365 58.0 51.6
8 Gl 0.646 3.50 0.345 ¢ 11.0 80.3
TABLE 2/...




TABLE 2

Experiment Al

Pressure Drop : Superficial Velocity _
Across at Mean Bed Te%p;{a?gre
Fixed Bed Conditions of riul
Ame }n
2 , 0
gn/cm cm/sec C
el.7 24.4 26.5
20.7 23.1
19.2 21.7 26.5
16.4 18.8 26.8
15.0 17.4
13.8 15.8
12.5 14.6 26.5
11.1 13.2
10.0 11.8
8.7 10.4 26.8
7.7 9.1
6.5 7.7 26.8
504 6.5
4.4 5.3 26.8
5.4 4.0
2.3 3.8
1.2 1.6 26.6
TABLE 3
Experiment Bl
Pressure Drop : Superficial Velocity Temperature
Across at Mean Bed of Fluid
Fixed Bed Conditions
U
Ame m
gm/cm’ cm/sec o
.1 7.4 18.9
2.7 6.7 18.9
4.6 6.0
3.6 5.2 18.9
7.1 4.6
2.5 3.8 19.0
1.9 2.9
1.4° 2.1 19.0
0.9 1.2 19.0
TABLE 4/...
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TABLE 6

Experiment E1

Pressure Drop

Superficial Velocity

Across at Wean Bed Temperature
Fixed 3ed Conditions of Fluid
AFen U
gm/cn’ cm/sec %
4.9 23.9 18.5
23.4 22.5
21.6 21.2 18.8
20.1 19.8
18.4 18.4 18,9
17,0 17.0
15.6 5.7 19.0
14.1 14.5%
12.5 12.9 19.0
11.2 11.6
9.8 10.2 19,1
8.6 3.9
7.2 7.6 19.2
6.0 6.3
3.7 5.9 19.3
1.4 1.6
TABLE 7
Experiment Fl
Pressure Drop Superfic}al‘Velocity Temperature
Across at llean Bed of Fluid
Fixed Bed Conditions
Ame Jm
om/cm’ cm/sec °
29.4 24,53 22.3
27.% 23.0
25.0 21.6 22.2
23,0 20.2
20.8 18.8 22.2
19.1 17.4
17.4 15.7 22.1
15.5 14.5
13.7 13.1 22.2
12.2 11.8
10.5 10.4 22,3
9.0 9.0
7.6 7.7 22.4
6.3 0.5 .
307 4‘~O 22.4
1.4 1.6 ,
TABLE 8/...
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TABLE 8
Experiment Gl
Pressure Drop | Superficial Velocity | .
Across at Mean Bed Eg@p;{izgre
Fixed Bed Conditions

Ame Um

gm/cm2 cm/sec O
3.9 §.O 22.1
3.8 5.8 22.1
307 507 22.1
3.5 5.4 22.2
3.4 5.3 22.2
3.2 4.9 22.2
3.2 5.0 22.2
2.7 4.2 22.3
2.9 4.4 22.3
2.7 4.2 22.3
2.5 3.9 22.%
2.6 4.2 23-3
2.4 3. .
2.3 3.5 22 .4
2.1 3.2 22 .4
2.0 3.1 22.5
1.6 2.5 22.5
1.5 2.4 22‘2
1.2 1.9 22.
0.8 1.3 22.7

© University of Pretoria
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APEETDIX 2

TTTTT

PULSATING FLUIDIZED BED EXPERIMENTS

The pressure-drop-velocity observations for

the pulsating fluidized bed are given in Tables 10 to

52. The physical characteristics applicable to the

various experiments are given in Table 9.

TABLE 9

- . Pulse- o

nXperi- o opecific
Table ment Material hr;quency Surf
No. Yo. ange urface

pulses/min i cm®/cm®

10-13 . A2 - A5 | Zeolite 800 - 1100 106.4
14-15 : B2 - B3  (Clover Seed: 800 - 900 80.3
16-17  C2 - C3 | Rape Seed 500 - 900 . 53.3
18-21 : D2 - D3 | Zeolite 800 - 1100 : 105.5
22-25 i B2 - E5  Zeolite 700 - 1000 73.3
26 F2 Rape Seed 500 51.6
27-%2 : G2 - G7  Clover Seed : 800 - 1200 80.3

© University of Pretoria
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TABLE 10

RIA

EXPERIMENT A2

800 Pulses/min

iyean Pressure- Yean

Drop Across Superficial Temperature

Fluidized Bed Velocity of Fluid
APm fUm

gm/cm? cm/sec On
6.9 10.4 25.3
6.6 9.7 25.4
6.3 9.1 25.5
6.0 8.4 25.6
5.7 Tef 25.7
5.4 7.1 25.8
5.0 6.4 25.9
5.7 T.7 25.9
6.3 9.1 26.0
6.9 10.4 26,0
TABLE 11
EXPERINENT A3
900 Fulses/min

iiean Fressure- | xean m -

Drop Across Superficial Lg?pgiiggle

Fluidized Bed Velocity
SPm Um

gm/cm? cm/sec °c

7.0 10.4 26.5
6.8 5.7 26.5
6.6 9.2 26.5
6.2 8.4 20.6
5.8 T.7 26.6
5.5 7.0 26.7
5.8 7.7 26.8
6.5 9.1 26.8
7.0 10.4 26.9
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EXPERIMENT A4

1000 Pulses/min

Mean Pressure- Mean
Drop Across Superficial Temperapure
Fluidized Bed Velocity of Fluid
APy Up
gm/cm? cm/sec Oa
1.2 10.4 26.5
7.0 9.7 26.5
6.8 9.1 26.
6.4 8.4 26.5
6.1 7.7 26.6
6.4 8.4 26.6
6.7 9.1 26.7
7-0 9-7 26-
7.2 10.4 26.9
TABLE 13
EXPERIMENT A5
1100 Pulses/min
Mean Pressure- Wean
Drop Across . Temperature
SE Superficial 1
Fluidized Bed Velocity of Fluid
N Uy
gm/cm? cm/sec %
7.4 10.4 27.0
1.2 9.7 27.0
6.9 9.1 27.0
6.6 8.4 27.0
6.3 7.7 27.0
6.6 8.4 27.0
6.9 9.1 26.9
7.1 9.7 27.0
1.3 10.4 27.1

TABLE 14/...
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TABLE 1

e t—— o v

EXPERINENT B2
800 Pulses/min
iilean Pressure- Mean m
Drop 4cross Superficial Lemperaﬁure
Fluidized 3Bed Velocity of Fluid
APm Um
2
gn/cm cm/sec %
6.5 11.3 20.1
6.0 9.9 20.1
5.4 8.6 20.1
4.5 7.0 20.2
4.0 6.0 20.2
3.5 5.2 20.3
5.2 8.3 20.3
5.7 9.5 20.4
6.7 12.2 20.4
TABLE 15
EXPERIMENT B3
900 Fulses/min
liean rressure-~ iean ,
Drop Across Superficial Ti?pgiifgre
Fluidized Bed Velocity B
AP Uy
gm/cm® cm/sec %
£.8 12.0 20.3
6.7 11.1 20.3
6.2 9.9 20.4
507 809 20-4’
5.1 7.6 20.4
4,3 6.3 20.6
5.2 7.9 20,6
6.1 S.7 20.6
6.5 10.4 20.6
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TABLE 16

LXPERIMENT C2

800 Pulses/min

liean Pressure- Mean
Drop Across Superficial Tempgra?ure
Fluidized Bed Velocity of Fluid
APm Um
gn/cm” cm/sec %
6.7 34.1 21.6
6.3 30.8 21.6
5.7 27.6 21.6
5.3 25.6 21.7
4.8 23.0 21.7
5.3 25.6 21.7
5.8 28.1 21.8
€.3 50.8 21.8
6.6 34.0 21.8
6.8 36.7 21.8
TABLE 17
EXPERIMENT C3
900 Pulses/min
Mean Pressure- lean ;
Drop Across Superficial fi?pgiiigre
Fluidized Bed Velocity Ve
A?m U,
2 0
gm/cm cm/sec C
6.9 36.3 21.7
6.8 33.6 21.7
6.5 30.9 21.8
6.0 28.1 21.8
5.4 25.1 21.8
4.8 22.2 21.9
5.4 25.1 21.9
5.8 27.3 21.9
6.4 30.4 22.0
6.8 33.6 22.0
6.9 36.9 22.0
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TABLE 18
EXPERIMENT D2
800 Pulses/min
Mean Pressure- ; Mean
Drop Across Superficial Te?peiaﬁgre
Fluidized Bed Velocity of Flui
AP (i
gm/cm? cm/sec ¢
12.5 10.3 25.0
12.2 9.7 25.0
11.9 9.0 25.0
11.2 8.3 25.1
10,6 17 25.2
11.3 8.3 25.2
11.9 9.0 25.2
12.3 9.7 25.3
12.5 10.3 25.3
TABLE 19
EXPERIMENT D3
900 Pulses/min
Mean Pressure- % Mean
Drop Across Superficial Tg?p;{ﬁigre
- Fluidized Bed . Velocity
APy Un
gm/cm? cm/sec o
12.7 10.3 24.9
12.5 9.7 24.8
12.1 9.0 24 .
11.6 803 2407
10.9 1.7 24.8
11.6 8.3 24.9
12.0 9.0 24.9
12.4 9.7 25.0
12.6 10.3 25.0

TABLE 20/...
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TABLE 20
EXPERIMENT D4
1000 Pulses/min
Mean Pressure- Mean
Drop Across Superficial Temperature
Fluidized Bed Velocity of Fluid
APy ﬁ;
gn/cn’ cm/sec %
12.9 10.3 24.6
12.7 9.7 24.6
12.4 9.0 24.6
11.9 8.3 24.6
1105 7-7 2407
11.9 8.3 24,7
12‘4 9'0 2407
12.7 9.7 24.7
12.9 10.3 24.8
TABLE 21
EXPERIMENT D5
1100 Pulses/min
Mean Pressure- | Mean
Drop Across Superficial Tg?pgﬁiggre
Fluidized Bed Velocity
APy Up
gn/cm’ cm/sec ‘¢
13.0 10.3 25.1
12.8 9.7 25.1
12.5 9.0 25.1
12.1 8.3 25.1
11.7 7.7 25.2
12.5 9.0 25.2
12.8 9.7 25.2
13.0 10.3% 25.
- 13.1 10.9 25.3%
1%.2 11.7 25.3

© University of Pretoria

TABLE 22/...



&' Ss 0 13
- 70 -
TABLE 22
EXPERIMENT E2
700 Pulses/min
Mean Pressure- Mean
Drop Across Superficial Temperature
Fluidized Bed Velocity of Fluid
APm Um
gm/cm? cm/sec O
11.2 1%.0 24.3%
12.3 14.4 24.3%
13.3 15.8 24.3
14.3 17.2 24 .4
14.7 18.0 24,4
14'2 17'2 2404’
13.2 15.8 24 .4
12.3 14.4 24.5
11.2 12.7 24.5
TABLE 23
EXPERIMENT E3
800 Pulses/min
Mean Pressure- Mean
Drop Across Superficial Temperature
Fluidized Bed Velocity of Fluid
APm Um
gm/cm? cm/sec ¢
10.8 12.0 24 .4
11-6 1300 24’04
12.7 14.4 24,
13.7 15.8 24,5
14.7 17.2 24.5
13.7 15.8 24.5
12.6 14.4 24.6
11.5 1%3.0 24,
10.7 12.0 24,6
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TABLE 24
EXPERIMENT E4
900 Pulses/min
Mean Pressure- Mean .
Drop Across Superficial Temperature
Fluidized Bed Velocity of Fluid
APm Um
gn/cn® cm/sec o
11.7 13.0 24 .4
12.9 14.4 24 .4
14.0 15.8 24 .4
15.1 17.2 24,
15.4 18.0 24.5
15.1 17.2 24.5
14.1 15.8 24.5
1%.0 14.4 24,6
11.8 13.0 24.6
TABLE 25
EXPERIMENT E5
1000 Pulses/min
Mean Pressure- lMean ]
Drop Across Superficial Tg%piiiggre
Fluidized 3Bed Velocity
APm Um
gm/cm cn/sec °c
11.2 12.0 24 .4
12.1 13.0 24.5
13.3 14.4 24 .5
14.4 15.8 24.5
15.5 17.2 24.6
15.6 17.4 24.6
14.5 15.8 24.6
13.4 14.4 24.7
12.1 13.0 24,7
11.2 12.0 24.7
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TABLE 26

EXPERIMENT F2

500 Pulses/min

Mean Pressure- Nean ;
Drop Across Superficial Tempera?ure
Fluidized Bed Velocity of Fluid
APm Um
gm/cm’ cm/sec e
32.8 23.8 20,2
31.5 22.8 20,2
29.2 21.2 20.2
31.4 22.6 20,2
32.7 2%.6 20.3
TABLE 27
EXPERIMENT G2
800 Pulses/min
Mean Pressure- Mean
Drop Across Superficial Tg%pgiiggre
Pluidized Bed Velocity
APm Um
gm/cm” cm/sec °c
5.8 8.8 22.2
6.2 9.5 22.2
6.4 10.2 22.2
6.9 11.2 22.53
7.1 11.9 22.53
7.5 12.3 22.5
5.8 8.7 22.4
6.2 9.6 22.4
6.5 10.4 22.4
6.8 11.% 22.5
7.2 12.0 22.5
7.4 12.7 22.6
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TABLE 28
EXPERIMENT G3
800 Pulses/min
lMiean Pressure- Mean
Drop Across Superficigl Temperaﬁure
Fluidized Bed Velocity- of Pluid
APm Um
gm/cm’® cr/sec Ou
5.4 1.9 22.3
5.8 8.7 22.3
6.2 9.5 22.
6.5 10.4 22.4
6.8 11.2 22.4
7.1 12.1 22,
5.4 7.8 22.5
5.8 8.7 22.5
6.2 9.6 22.5
6.5 10.4 22.6
6.9 11.3 22.6
7.2 12.1 22.7
EXPERIMENT G4
900 Pulses/min
Mean Pressure- Mean Temperature
Drop Across Superficial of Fluid
Fluidized Bed Velocity
em/cm” cm/sec °
5.5 7.8 22.1
5.9 8.7 22.1
6.4 9.7 22.1
6.7 10.5 22.2
7.1 11.4 22.2
7.5 12.4 22.3
5.5 1.9 22,53
6.0 8.8 22.3
6.4 9.7 22.4
6.7 10.5 22.4
7.2 11.4 22.4
7.6 12.6 22.5
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TABLE 30/...



- 74 -
TABLE 30
ZXPERIMENT G5
1000 Pulses/min
Mean Pressure- Mean
Drop Across Superficial Temperature
Fluidized Bed Velocity of Fluid
APm Um
gn/cm” cm/sec e
5.6 7.9 22.5
6.1 8.8 22.5
6.5 9.6 22.5
6.9 10.5 22.6
1.3 11.3 22.6
7.6 12.1 22.6
5.7 7.9 22.7
6.1 8.8 22.7
6.5 9.6 22.8
7.0 10.5 22.8
7.2 11.2 22.8
1.5 12.2 22.9
TABLE 31
EXPERIMENT G6
1100 Pulses/min
Mean Pressure- Mean _
Drop Across Superficial Tg@pgfifgre
Fluidized Bed Velocity
APm Um
2 0
zm/cm cm/sec C
6.2 8.7 22.8
6.6 9.5 22.8
7.1 10.4 22.8
7.5 11.3 22.8
7.8 12.0 - 22.8
6.2 8.7 22.9
6.7 9.6 22.9
7.2 10.5 22.9
7.4 11.3 22,
8.0 12.2 23.0
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TABLE 32
EXPERIMENT G7
1200 Pulses/min
Mean Pressure- Mean
Drop Across Superficial Te%pgiaﬁgre
Fluidized Bed Velocity oL Fiul
AP Ua
gm/cm® cm/sec e
6.2 8.5 22.8
6.8 9.5 22.8
7.3 10.4 22.8
7.8 11.3 22.8
8.2 12.2 22.9
6.3 8.6 22.9
6.8 9.5 22.9
7.3 10.4 22.9
708 11-3 2300
8.1 12.0 23.0

© University of Pretoria
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The pressure-drop-velocity values, which are
employed in the sudsequent calculations, are obtained
from curves drawn through the experimentally obtained
values. The results are represented in Tables 34 to
40. The physical characteristics applicable to the

various experiments are given in Table 33.

TABLE 33
LXper- Pulse- : C o
T%SIe iment Material Frequency ggi?;g;c %fgg
: No. Range .

2 3 2

pulses/min : cm /cm cm
54 A2-A5 Zeolite 800 - 1100 106.4 6.6
35 B32-B3  Clover Seed 800 - 900 80.3 6.6
36 C2-C3 : hape Seed 800 - 900 5%.3 6.6
37 D2-25 Zeolite 800 - 1100 : 105.5 6.6
38 B2-55 Zeolite 7C0 - 1000 13.3 6.6
39 e Rape Seed 500 51.6 6.6
40 G2-G7 { Clover Seed i 800 - 1200 80.3 165.0

TABLE 34/...
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TABLE 34
Mean Pressure-Drop Across
Mean Fluidized Bed
Super- —_
ficial APp,
Velocity 5
gm/cm
—— Experi- ! Experi- ' Experi- Experi-
Um ment ment ment ment
) A2 A3 A4 AS
800 900 1000 1100
cm/sec | Pulses/ Pulses/  Pulses/ | Pulses/
min min min min
7.6 5.6 5.6 6.0 6.3
8.0 5.8 6.0 6.2 6.5
8.5 6.1 6.3 6.5 6.7
9.0 6.3 6.5 6.7 6.9
9.5 6.5 6.7 6.9 7.1
10.0 6.7 6.9 7.1 1.2
TABLE 35
Mean Pressure-Drop Across
Mean ©luidiged Bed
Superficial Z““
Velocity P
am/cm ?
ﬁ; Experiment B2 @ Experiment B3
cm/sec 800 Pulses/min | 900 Pulses/min
6.0 4.0 4.1
7.0 4.6 4.7
8.0 5.1 5.3
9.0 5.5 5.8
10.0 6.0 6.3
11.0 6.5 6.7
12.0 6.7 6.8

TABLE 36/...
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TABLE 36
liean Pressure-Drop Across
Mean Fixed Bed
Superficial —
Velocity AP
gm/cm®
Un Experiment C2  Experiment C3
cm/sec 800 Pulses/min ' 900 Pulses/min
2%.0 4.8 5.0
24.0 5.0 5.2
25.0 5.2 5.4
26.0 5.4 5.6
27.0 5.6 5.8
28.0 5.8 6.0
29.0 5.9 6.2
30.0 6.2 6.4
31.0 6.3 6.5
32.0 6.5 6.7
TABLE 37
Mean Pressure-Drop Across
Mean Fluidized Bed
Super- —_—
ficial APy
Velocit
eLoCclly gm/cmz
U Experi- : Experi- . Experi- Experi-
m ment ment ment ment
D2 D3 D4 - D5
800 900 1000 1100
cm/sec ;| Pulses/ Pulses/ Pulses/ | Pulses/
min min min min
7.6 10.5 11.0 11.4 11.6
8.0 11.0 11.4 11.8 11.9
8.5 11.5 11.8 12.1 12.2
9.0 11.6 12.1 12.4 12.5
9.5 12.1 12.4 12.6 12.7
10.0 12.4 12.6 12.8 12.9
10.4 12.5 12.7 12.9 13.0

TABLE 38/...
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Mean Pressure-Drop Across
lean Fluidized Bed
super- R
ficial AP
Velocity m
2
gm/cm
— Experi- : Experi- éEXperi— Experi-
@ﬁ. ment ment ment ment
E2 B3 E4 ES
7100 800 900 1000
cm/sec | Pulses/: Pulses/ Pulses/ Pulses/
min min min min
13,0 11.3 5 11.6 . 11.7 | 12.1
14.0 12.0 12.4 12.6 13.0
15.0 12.7 13.1 13.4 1%3.8
16.0 13.4 13.9 14.2 14.6
17.0 14.1 14.6 14.9 - 15.53
18.0 14.7 15.3 15.6 16.0
TABLE 39
Mean Pressure-Drop
Across Fluidized Bed
Mean
Superficial -
Velocity APy
gm/cm®
U Experiment F2
m
cm/sec 500 Pulses/min
21.0 29.0
21.5 29.6
22.0 30.4
22.5 51.2
23.0 31.9
23.5 32.5
24.0 53.1

TABLE 40/...

© University of Pretoria



TABLE 40

liean Pressure-Drop Across

Mean Fluidized Bed

Superficial A

Velocity Py
zm/cm®

Experiment | Experiment : Experiment
@ G2, G3 G4 G5

800 900 1000
Pulses/min | Pulses/min | Pulses/min

7.0 4.9 5.0 5.1
800 5'4‘ 5.6 507
9.0 5.9 6.0 6.2
10.0 6.4 6.5 6.6
11.0 6.8 6.9 7.1
12.0 7.1 7.4 7.6
TABLE 40 (continued)
lMiean Pressure-Drop Across
A Fluidized Bed
llean
Superficial Zf_
Velocity P
2
gm/cm
ﬁ; Experiment G6 | Experiment G7
/sec 1100 1200
. Pulses/min Pulses/min
7.0 5.2 5.4
8.0 5. 6.0
9.0 6.3 6.5
10.0C 6.9 7.1
llno 7-4 70-6
12.0 7.9 8.1

Appendix 4/...
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APPENDIX 4

The overall mean void-fractions existing in
the pulsating fluidized bed are represented in
Tables 42 to 48. The overall mean void-fraction was

evaluated from the following equation:
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The physical characteristics applicable to the

various experiments are ziven in Table 41.

TABLE 41
? | Bxper- Pulse- s
Table | VXPET . Specific | Bed
iment Material Frequency L

No. No. Range Surface Area
pulses/min | cm’ /em® cm’

42 A2-A5 Zeolite 800 - 1100 106.4 6.6
3 B2-B3  Clover Seed i 800 - 920 80.3 6.6
44 C2-C3 | Rape Seed 800 - 900 53.3 6.6
45 D2-D5 Zeolite 800 - 1100 105.5 6.6
46 E2-E5 ¢ Zecolite 700 - 1000 13.3 6.6
47 F2 Rape Seed 500 51.6 6.6
5.0

48 G2-G7 Clover Seed 800 - 1200 80.3 165.

TABLE 42/,..
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TABLE 42
oxperiment A2 Experiment A3%

800 Pulses/min 900 Pulses/min
VSlocity in  Overall Velocity in Overall
Lxcgss.of lean bxcess of liean
Deviation Void- Deviation Void-

 Velocity (Ug) Fraction  Velocity (Ug) @ Fraction
Ug = §.15 in Fluid- Ug = 6.79 in Fluid-
cm/sec ized Bed cm/sec ized Bed
Un - Ug €n Un - Ug €n
cm/sec cn/sec
1.45 0.3772 0.9 0.3740
1.85 0.3795 1.3 0.3762
2.35 0.3820 1.8 0.3785
2.85 0.3845 2.5 0.%812
5.35 0.3871 2.8 0.3841
3.85 0.3992 3.3 0.3870

TABLE 42 (continued)

Experiment A4 Experiment A5
1000 Pulses/min 1100 Pulses/min
Velocity in Overall Velocity in Overall
Fxcess of Mean Excess of lMean
Deviation Void- Deviation Void-
Velncity (Uy)  Fraction  Velocity (Ug) | Fraction
Us = 7.35  in Pluid- | Uq = 8.00°  in Fluid-
cm/sec ized 3Bed cn/sec ized Bed
Tn - Ug Em Uz - Ug em
cm/sec cm/sec
0.25 0.3698 -0.40 J.3658
0.65 0.3720 0 0.3682
1.15 0.3746 0.50 0.3716
1.65 0.3778 1.00 0.3748
2.15 0.3%810 1.50 0.3782
2.65 0.383%5 2.00 0.3815
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TABLE 43
Experiment B2 Experiment B3
800 Pulses/min 900 Pulses/min
Vglocity in Overall Velocity in Overall
gxcgss‘of Mean Excess of Mean
Pev;atlon Void- Deviation Void-
Velocity (Ud) Fraction  Velocity (Ug) . Fraction
Ug = 5.20 in Fluid- Ug = 6.30 in Fluid- |
cm/sec ized Bed cm/sec ized Bed
Up - Ug E; ﬁ; - Ug E;
cm/sec . cm/sec
0.80 0.3400 -0.30 0.3365
1.80 0.3%420 0.70 0.3395
2.80 0.3460 1.70 0.3420
3.80 0.3495 2.70 0.3450
4.80 0.3530 3.70 0.3486
5.80 0.3563 4.70 0.3520
6.80 0.3630 5.70 0.3610
TABLE 44
Experiment C2 Experiment C3
80C Pulses/min 900 Pulses/min
Velocity in Overall Velocity in Overall
Excess of ean Excess of Mean
Deviation Void- Deviation Void-
Velocity (Ug) @ Fraction : Velocity (Ug) | Fraction
Uq = 25.60  in Fluid- Ugq = 28.00 : in Fluid-
cm/sec ized Bed cm/sec ized Bed
Un - Ug en Uy - Ua en
cm/sec cm/sec
-2.60 0.3585 -5.00 0.3533
-1.60 0.3590 -4.00 0.3552
0.40 0.3%632 -2.00 0.3586
1.40 0.3%650 -1.00 0.3%605
2.40 0.3675 0 0.3626
3.40 0.3698 1.00 0.%645
4.40 0.3721 2.00 0.3670
5.40 0.3747 3.00 0.3700
6.40 0.3780 4.00 0.3735

TABLE
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TABLE 45
Experiment D2 Experiment D3
800 Pulses/min 900 Pulses/min
Velocity in Overall Velocity ini Overall
Excgss.of lean Excess of liean
Dev;atlon Void- Deviation Void-
Velocity (Ug) Fraction Velocity (Ug) Fraction
Ug = 7.80 in Fluic- Ug = 8.45 : in Fluid-
cm/sec ized Red cm/sec | ized Bed
Un =Yg “m Un = Ug “n
cn/sec em/sec
-0.20 0.3635 -0.85 0.3587
0.20 0.3635 -0.45 0.3597
0.70 0.3656 0.05 0.3630
1.20 0.3%685 0.55 0.3667
1.70 0.3719 1.05 0.3700
2.20 0.3755 1.55 0.3738
2.60 0.3785 1.95 - 0.3770
TARLE 45 (continued)
Experiment D4 Sxperiment D5
1000 Pulses/min 1100 Pulses/min
Velocity in Overall Velocity in Overall
Excess of Mean fxcess of Mean
Pevigtion Void- Deviation Void-
Velocity (Ug) i Fraction | Velocity (Ug) ; Fraction
Ug = 8.75 in Fluid- Ug = 8.85 in Fluid-
cm/sec ized Bed cm/sec ized Bed
U - Ug e Un - Ug em
cm/sec cm/sec
-1.15 0.3540 -1.25 0.3523
~0.75 0.3565 ~0.85 0.3550
-0.25 0.3605 -0.35 0.3593
0.25 0.3643 0.15 0.3635
0.75 0.%680 0.65 0.3675
1.25 0.3720 1.15 0.3715
1.65 0.3755 1.55 0.3747

© University of Pretoria

TABRLE 46/...




RRRRRRRRR

RIA

- 85 -
TABLE 46
Experiment E? Experiment E?%

700 Pulses/min 800 Pulses/min
Velocity in Overall Velocity in | Overall
pxcess of Mean Excess of liean
DeV}atlon Void- Deviation Void-
Velccity (Ug) | Fraction | Velocity (Us) | Fraction
Uq = 12.9 . | in Fluig- Ugq = 14.58 in Fluid-

cn/sec ized Bed cm/sec ized Bed

Uy - Ug e Uy - Ug €n
cm/sec cm/sec

0.10 0.3829 ~1.50 0.3793
1.10 0.3848 -0.50 0.3%813

2.10 0.3869 0.50 0.3830

3.10 0.3885 1.50 0.3854
4.190 0.3915 2.50 0.3874

5.10 0.3941 3.50 0.3900

TABLE 46 (continued)

Experiment E4

Experiment E5

900 Pulses/min

1000 Pulses/min

Velocity in Overall Velocity in Overall
Excess of Mean Zxcess of Mean
Deviagtion Void- Deviation Void-

Velocity (Ug) Fraction | Velocity (Ug) | Fraction
Uq = 15.60 ;in Fluid- Uq = 17.20 | in Fluid-
cm/sec ized Bed - cm/sec ized Bed
Un - Ug €m Un - Ug €m
cm/sec cm/sec
-2.60 0.3783 -4.20 -+ 0.3743
-1.60 0.3793 -3.20 0.3757
-0.60 0,3808 -2.20 0.3773
0.40 0.3830 -1.20 0.3795
1.40 0.3850 -0.20 0.3%818
2.40 0.3875 0.80 0.%842

TABLE 47/...
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TABLE 47
Experiment F2
500 Pulses/min
Velocity in Excess Overall HMean
of Deviation Void-Fraction
Velocity (Ud) in Fluidized
Uy = 21.20 cm/sec Bed
Up - Ug fm
cm/sec
-0.20 0.3505
0.30 0.3506
0.80 0.3509
1.30 0.3510
1.80 0.3520
2.30 0.353%2
2.80 0.3545

TABLE 43
Experiment G2, G3 Experiment G4
800 Pulses/min 900 Pulses/min
Velocity in Overall Velocity in Overall
Lxcess of Mean Excess of Mean
Deviation Void- Deviation Void--
Velocity (Ugq) | Fraction | Velocity (Ug) | Fraction
Ug = 8.20 in Fluid~ Ug = 8.70 in Fluid-
cm/sec ized Bed cn/sec ized Bed

Up - Ug € Un - Ug em

cm/sec cm/sec .

-1.20 0.3410 -1.70 0.3395
0.80 0.3490 0.30 0.3465
1.80 0.3533 1.30 0.3510
2.80 0.3575 2.30 0.3545
3.80 0.3610 3.30 0.3582

TABLE 48 (cont)/...
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TARLE 48 (continued)
Experiment G5 Experiment G6
1000 Pulses/min 1100 Pulses/min
Vilocity in Overall Velocity in Overall
gxcess of Mean Excess of Mean
Dev;atioq Void~- Deviation Void-
Velocity (Ug) @ Fraction | Velocity (Ug) | Fraction
Uz = 9.30 in Fluid- Uq = 10.20 in Fluid-
cm/sec ized 3ed cm/sec ized Bed
Un - Ug ©n Un - Ug €n
cm/sec cm/sec
-2.3%0 0.3375 -3.20 0.3350
-1.30 0.3411 -2.20 0.3%391
-0.3%0 0.3445 -1.20 0.%419
0.70 0.3485 -0.20 0.3%456
1.70 0.3519 0.80 0.3485
2.70 0.3555 1.80 0.3515

TABLE 48 (continued)

Experiment G7
1200 Pulses/min
Velocity in Excess Overall HMean
of Deviation Void-Fraction
Velocity (Ug) in Fluidized
Ug = 11.30 cm/sec Bed
E; - Ug €m
cm/sec
-4,3%0 0.3%20
_3030 Oo 3350
-2.30 0.3396
-1.30 0.3415
-0.30 0.3450
0.70 0.3480

Appendix 5/...
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APPENDIX 5

REYNOLDS NUMBER AED FRICTION FACTORS

The modified Reynolds number and modified
friction factor for the various experiments are
represented in Tables 50 to 56. The Reynolds numbers

and friction factors were evagluated from the equations

below:
Re = -2 Uy (18)
e = X - e e e s e s a0t e v e
S (] a o ¢ o O
W (1-€_)
_ &2 g P,
= ST . (20)
SFX p Uy

The physical characteristics applicable to the

various experiments are given in Table 49.

TABLE 49
£X~- Pulse- Speci- 3ed Cons-
Table iperi-i,, . Preguency fic s tant
No. iment Faterial Range Surface Area K
No. Pulses/min'cm® /ecm®; cm?® | cm
50 A2-A5 Zeolite = 800-1100 @ 106.4 6.6 6.16 ;
51 iB2-B3%:Clover 800~ 900 80.3% 6.6 6.71
Seed
52 iC2~C3iRape 830~ 900 53%.3 6.6 5.71
Seed
5% iD2-D5 Zeolite | 30u-1100 | 105.5 6.6:10.20
54 E2-E5 Zeolite | 700-1000 13.3 6.6:15.80
55 P2 Rape 500 51.6 6.6:136.83%
Seed
56 iG2-G7 Clover 800-1200 80.3 i165.0: 7.20
Seed

TABLE 50/...
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TABLE 50
Experiment A2 Zxperiment A3
800 Pulses/min 900 Pulses/min
Modified | Modified Modified | Modified
Reynolds | Friction i Product . Reynolds i Friction | Product
Number Pactor Number Factor
Re ? Re x 9 Re ¢ Re x ¢
0.763 4.52 3.45 0.759 4.56 3.50
0.806 4.%1 3.47 0.802 4.%2 3.46
0.860 4.06 5.49 0.855 4.07 3.48
0.914 5.83 3.50 0.909 3.85 5.50
0.969 3.64 3.52 0.964 3.64 5.51
1.026 3.46 3.56 1.02 5.47 3.54
TABLE 50 (continued)

Experiment A4

Experiment A5

1000 Pulses/min

1100 Pulses/min

Modified ; Modified Modified | Modified
Reynolds : Friction | Product | Reynolds ; Friction . Product
Humber Factor Number Factor
Re @ ke x @ Re ) Re x ¢
0.754 4.59 3.46 0.749 4.61 3.50
0.797 4.%6 5.47 0.792 4,36 3.45
0.850 4.10 5.48 0.845 4.11 3.47
0.904 3.87 3.50 0.899 3.88 3.49
0.959 3.66 3.51 0.955 3.67 3.50
1.01 3.46 - 3.50 1.01 3.49 3.52
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TABLE 51
Experiment B2 Experiment B3
830 Fulses/min 900 Pulses/min
Modified @ WModified Modified Modified
Reynolds ' Friction  Product | Reynolds PFriction  Product
Number Factor Number Factor
Re E Re x 5. Re 5 e x 5
0.753 4.54 5.42 0.748 4.59 3.44
0.881 3.92 3.45 0.878 3.96 3.48
1.01 5.44 3.47 1.01 3.46 3.49
1,15 3.07 3.53 1.14 5.09 5.52
1.28 2.78 5.56 1.27 2.80 5.55
1.41 2.54 5.58 1.41 2.54 3.58
1.56 2.33 3.63 1.56 2.34 3.65
TABLE 52
Experiment C2 Experiment C3
820 Pulses/min 900 Pulses/min
Modified : Modified Modified i Modified
Reynolds Friction | Product | Reynolds | Friction Product
Number Factor Number Factor
Re ) Re x ¢ Re ? Re x ¢
4.47 0.772 3.45 4.44 0.771 5.42
4.68 0.747 5.50 4.64 0.750 5.48
4.39 0.730 3.56 4.85 0.730 3.54
5.10 0.711 3.62 5.06 0.712 3.60
5.30 0.694 3.68 5.27 0.695 3.66
5.53 0.681 3.77 5.48 0.681 3.73
5.74 0.669 5.84 5.70 0.667 5.80
5.96 0.658 5.92 5.91 0.654 3.86
6.19 0.646 4.0 6.14 0.642 3.94
6.42 0.637 4.09 6.37 0.631 4.02
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TABLE 53
Experiment D2 Experiment D3
800 Pulses/min 900 Pulses/min
Modified . Modified Modified | Modified
Reynolds : Friction | Product : Reynolds | Friction Product
Number Factor Number Factor
Re ¢ Re X ¢ Re ¢ Re x @
0.753 4.59 3.46 0.747 4,61 3.44
0.793 . 4.36 3.46 0.788 4.38 3.46
0.845 4,11 5.47 0.841 4.12 3.47
0.899 3.86 3.47 0.895 5.88 3.47
0.954 3.64 5.47 0.951 3,66 5.48
1.01 3.45 3.48 1.01 3.46 3.50
1.06 5.31 3.50 1.05 3.3%2 3.49
TABLE 53 (continued)

Experiment D4

Experiment D5

1000 Pulses/min

1100 Pulses/min

Modified { Modified Modified | Modified
Reynolds | Friction | Product . Reynolds Friction | Product
Number Factor Number Factor
Re I Re x ¢ Re 7 Re x ¢
0.742 4.65 5.45 0.740 4.66 3.45
0.784 4.39 5.44 0.783 4.41 5.45
0.838 4.14 5.47 0.836 4.14 3.46
0.893 3.90 5.48 0.891 3.90 5.48
0.948 3.67 5.48 0.947 3.68 3.49
1.00 5.48 5.48 1.00 5.48 5.48
1.05 5.7 3.50 1.05 3.34 5.51
TABLE 54/...
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TABLE 54
Experiment E2 Experiment E3
700 Pulses/min 800 Pulses/min
Modified Mo@if;ed Modified @ Mcdified
Reynolds | Friction | Product Reynolds | Friction | Product
Number Factor Number Pactor
Re % Re x @ Re P Re x ¢
1.91 1.83 3.50 1.90 1.84 3.50
2.06 1.74 3.58 2.05 1,72 3.53
2.22 1.61 5.57 2.21 1.61 3.56
2.3%8 1.52 3.62 2.36 1.52 3.59
2.53 1.43 3.62 2.52 1.44 3,63
2.79 1.37 3.70 2.68 1.37 3.67

TABLE 54 (continued)

Experiment E4 Experiment E5
900 Pulses/min 1000 Pulses/min
Modified | Modified Modified . Modified
Reynolds | Friction @ Product | Reynolds  Friction  Product
Number Factor Number Factor
Re a Re X 6 Re 5 Re x ¢
1,90 1.84 3.49 1.89 1.84 3.48
2.04 1.72 3.51 2.04 1.73 3.53%
2.20 1.61 3.54 2.19 1.62 3.55
2.35 1.52 3.585 2.3%4 1,53 5.58
2.51 1.44 3.62 2.50 1.44 3.60
2.67 1.38 3.68 2.65 1.37 3.63
TABLE 55/. ..
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TABLE 55

Experiment F2

500 Pulses/min

Modified Modified
Keynolds Number friction Factor Product
Re ¢ Re x &
4.17 0.838 3.49
4.27 0.824 3.52
4.37 0,810 3.54
4.4 0.797 3.56
4.58 0.785 3.60
4.69 0.775 3.63
4.0 0.764 3.67
TABLE 56
fxperiment G2, G3 Experiment G4
800 Pulses/min 900 Pulses/min
Moditfied | Modified Modified | Modified
Reynolds @ Friction  Product ;| Reynolds . Friction | Product
Number Factor Number Pactor
Re 8 Re x ¢ Re ¢ Re x @
0.880 0.394 | 3.47 0.878 0.392 3.44
1.01 0.342 3.45 1.01 0.343 3.46
1.15 0.305 3.50 1.14 0.305 5.48
1.28 0.27¢6 3.53 1.28 0.276 3.53
1.42 0.251 3.56 1.41 0.252 3.55
1.56 0.229 3.57 1.55 0.231 5.58

TABLE 56 (cont)/...
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TABLE 56 (contiinued)

Experiment G5

Experiment G6

1000 Pulses/min

1100 Pulses/min

Modified : Modified Modified : Modified
Reynolds : Friction | Product | Reynolds : Friction | Product
Number Factor Number Factor
Re 9 Re x ¢ Re ? Re x @
0.876 0.394 3.45 0.873 0.395 3.45
1.00 0.344 5.44 1.00 0.346 3.46
1.14 0.307 5.50 1.14 0.308 5.01
1.27 0.276 5.50 1.27 0.278 3.53
1.41 0.252 5.55 1.40 0.253 5.54
1.54 0.232 5.57 1.54 0.233 3.59
TABLE 56 (continued)
Experiment G7
1200 Pulses/min
Modified lodified :
Reynolds Rumber Friction Factor Product
Re ¢ Re x ¢
0.868 0.396 5.44
0.997 0.347 3.46
1.13 0.309 3.49
1.26 0.278 3.50
1.39 0.254 3.53
1.5% 0.233 3.56
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APPENDIX 6

INSTANTANEQUS FUWCTIONS

The instantaneous relative-velocity curves
were constructed from the instantaneous pressure-
drop curves, employing equation (30). These
experiments were performed on clover seeds having
a specific surface of 80.3 cm’/cm’, fluidized in

a bed with 2 cross-sectional grea of 165 e’ .

The physical characteristics applicable to

the various experiments are given in Table 57.

TABLE 57
Fulse Jverall Mean
Experiment Prequency Void-Fraction
Number p—
pulses/min €m
H1 1000 0.35%
H2 1000 0.351
H? 1000 0.3%49
H4 800 C.354
H5 500 0.352
H6 1100 0.346
H7 1200 0.341

TABLE 58/...
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TABLE 58

Experiment H1

Pulse Frequency : 1000 Pulses/min

Observed lean Superficial Velocity : 11.3 cm/sec

Computed Mean Superficial Velocity : 11.2 cm/sec

Overall Mean Void-Fraction : €, = 0.353

Period : T = 0.06 sec

Fraction Instantaneous Instantaneous
of Period Pressure Drop Relative Velocity

A xT . APim Uim - Uipm

A gn/cm” cm/sec

1/16 35.
2/16 27.
3/16
4/16
5/16 -
6/16 -11.
7/16
8/16
9/16

10/16

11/16

12/16

13/16

14/16

15/16

16/16

I
W U1

|
=
OO HHIW HONIJWWuUl - 330

}._)

=
£ U0 13U O N QW U1~ Ut -

- - . - . -

ONOWOI~ITWUl IUTH OAWW ~JU O
OQOVIUVIUIUIT 0 OOONOVMITO OO

TABLE 59/...
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TABLE 59

Experiment H2

Pulse Frequency :

1000 Pulses/min

Observed Mean Superficial Velocity :

Computed Mean Superficial Velocity : 10.9 cm/sec
Overall Mean Void-Fraction : e = 0.351
Period : T = 0.06 sec
Fraction Instantaneous Instantaneous
of Period Pressure Drop Relative Velocity
A x T A5 Uipg - Uipm
2
A gm/cm cm/sec

o 4.8 7.2
1/16 31.5 42.5
2/16 39.0 50.3
3/16 4.6 7.0
4/16 3.8 5.8
5/16 - 4.2 - 6.3
6/16 -12.9 -19.5
7/16 6.6 10.0
8/16 5.1 7.7
9/16 7.1 10.7

10/16 8.1 12.3
11/16 3.9 5.9
12/16 7.1 10.7
13/16 6.6 10.0
14/16 8.6 1%.1
15/16 7.6 11.5
16/16 4.8 7.2
TABLE 60/...
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TABLE 60

Experiment H3

Pulse Frequency : 1000 Pulses/min

Observed Mean Superficial Velocity : 9.2 cm/sec

Computed Mean Superficial Velocity : 9.3 cm/sec

Overall Mean Void-Fraction : E; = 0.349

Period : T = 0.06 sec

Fraction Instantaneous Instantaneous
of Period Pressure Drop Relative Velocity

AXT APim Uim - Uipm

cm/sec

fe=3
o
=]
~
o
=}

1/16
2/16
3/16
4/16
5/16
6/16 -10.
7/16
8/16
9/16
10/16
11/16
12/16
13/16
14/16
15/16
16/16

NN

[ . - . .

VIO O0NPE-JO1IUO v H oW

|
H
N1 OO H WO OV OUTUl - &~

e
NOOON P HHUUI~I D @ W N
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TABLE 61/...
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TABLE 61

Experiment H4

Pulse Frequency : 800 Pulses/min

Observed liean Superficial Velocity : 10.3 cm/sec

Computed Mean Superficial Velocity : 10.3 cm/sec

Overall liean Void-Fraction : €n = 0.354

Period : T = J3.075 sec

Fraction
of Perind

Instantaneous Instantaneous
Pressure Drop Relative Velocity

A xT

APim Uim - Uipm

2
gm/cm cm/sec

1/16
2/16
3/16
4/16
5/16
6?16
7/16
8/16
9/16
10/16
11/16
12/16
13/16
14/16
15/16
16/16

N\

[
WWAUTWWAWAN ~] O =I\WN\W O\ U110 V-3 W\

- . . . . -

(.
oW
VIOV OO ] OUIWOW-~J0wm
- . » . - -

[
e

NP OHNDNDUI-INOIPONDOUVT
~NWHOUVIWO-INUIOYJUIWO ~Ju1

TABLE 62/...
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TABLE 62

Experiment H5

Pulse Fregquency : 900 Pulses/min

Observed Mean Superficial Velocity : 10.3 cm/sec

Computed Mean Superficial Velocity : 10.3 cm/sec

P

Overall Mean Void-Fraction : € = 0.352

Period : T = 0.0666 sec

Fraction Instantaneous Instantaneous
of Period Pressure Drop Relative Velocity
AXT APim Uim - Uipm
A gm/cm cm/sec
0 3.0 4.8
1/16 31.0 41,7
2/16 32.4 43.1
3/16 2.5 4.1
4/16 3.0 5.0
5/16 -10.5 -16.0
6/16 - 1.5 - 2.5
7/16 5.3 8.4
8/16 6.2 9.5
9/16 7.7 12.0
10/16 5.3 5.3
11/16 5.8 9.2
12/16 6.6 10.5
13/16 9.5 14.7
14/16 7.5 11.9
15/16 5.0 8.0
16/16 3.0 4.8

TABLE 63/...
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TABLE 63

Experiment H6

Pulse Frequency :

1100 Pulses/min

Observed Mean Superficial Velocity : 10.1 cm/sec

Computed Mean Superficial Velocity : 10.2 cm/sec

Overall Mean Void-Fraction

: Em = 0.%46

Period : T = 0.0545 sec

Fraction Instantaneous Instantaneous
of Period Pressure Drop Relative Velocity
AXx T APim Uim - Uipm
A gm/cm cm/sec
0 4.7 6.9
1/16 24.9 32.6
2/16 42 .1 51.6
3/16 10.2 14.8
4/16 2.2 3.2
5/16 - 1.3 - 2.0
6/16 -14.8 -21.5
7/16 0.2 0.2
8/16 6.7 9.6
9/16 8.5 12.4
10/16 9.5 13.9
11/16 4.8 7.0
12/16 4.7 6.9
13/16 7.8 11.2
14/16 6.7 9.6
15/16 8.2 11.8
16/16 4.7 6.9
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TABLE 64

Experiment H7

Pulse Freguency : 1200 Pulses/min

Observed Mean Superficial Velocity : 9.9 cm/sec

Computed lMean Superficial Velocity : 9.9 cm/sec

Jverall liean Void-Fraction : €En = 0.3%41

Period : T = 0.05 sec

Fraction Instantaneous Instantaneous
of Period Fressure Drop Relative Velocity
AXT APy Uiy - Uipm
A gm/cm® cm/sec
0 7.5 10.5
1/16 27.7 3407
2/16 35.6 43,2
5/16 7.8 11.0
4/16 2.0 3.0
5/16 - 0.3 - 0.5
6/16 -12.,6 =17.7
7/16 3.1 4.5
g8/16 7.2 10.2
9/16 6.7 9.5
10/16 g.2 13.0
11/16 6.7 9.5
12/16 3.7 5.4
13/16 7.2 10.2
14/16 6.0 8.5
15/16 7.7 10.7
16/16 7.5 10.5

Appendix 7/...
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APPENDIX 7

Development of a mathematical theory for
the vulsating bed

13)

The energy balance for unit mass of fluid

in motion may be written as:
LAU% + gAL + jgvdP + W+ F' = 0.

For a fluid flowing in a horigontal duct, and if no
work is done by the system, the energy balance may

be reduced to the form:
%AU2+-gJVﬂ’+P'= 0
or

- AP = gAP, + FpAU% Liiiiiiiiieean.e (1)

f

From equation (1) it may be observed that the total
pressure loss is composed of two components, viz.
the frictional component and the kinetic energy

component,

Uniform fluid flow through the fixed bed

A general relationship for the pressure drop
may be developed, using the Kozeny assumption that
the granular bed is equivalent to a group of
parallel and equal-sized channels, such that the
total internal surface and the free internal volume
are equal to the total packing surface and the void
volume, respectively, of the randomly packed bed.
The pressure drop across a channel is given by the
Poiseuille equation, to which a term representing

kinetic energy losses, analogous to that introduced

by/ oo
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by equation (1), may be added:

32 u U*dL , pdL U*?

2
dC LO

gdP =

Since the losses occur‘with a frequency statistically
related to the number of perticles, correlating
factors a and p are added to the above equation,
resulting in:

e ] : 2
jeaplrdl , PRALU* ... .(2)

12
a L
C 0

gdP =

The velocity of the fluid in the channels may be
eliminated in favour of the superficial velocity,
based on the empty container, by the mass flow

balance, which on simplification yields:
Ndz U*zDzU 0 0 00 00 ocoao-oocooooooo.ooo(B)

The above simplification may be introduced if the
fluid velocity in the channel and the superficial
velocity are evaluated at identical temperature and

pressure conditions.

Bquating the free volumes in the bed:

T 32 1 _ T e
N 7 dC L = i D el
and therefore
K gf S L R 078

Substitution of equation (4) in equation (3) yields:

U* = cheireaeees B )

The/e..
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The internal surface of the channels may be
eliminated in favour of the surface area of the

particles by the following equation:

A

Frd, L=87D0°L(1 =€) viveerannnnnnnnn (6)

Substitution of equation (4) in equation (6) yields:

Qo = TIDgE covvererieeenns cereeen (D)

In equation (5) the fluid velocity in the
channel is expressed in terms of the superficial
velocity and void fraction. In equation (7) the
characteristic dimension of the channel is expressed
in terms of void fraction and specific surface of

the particles.

Substitution of equations (5) and (7) in
equation (2) yields the differential pressure-drop
velocity relationship for a fixed bed as:

_20us® (1 - e)®U aL | Bodl ?

gadp
3 €2
€ LO

The total pressure drop across the bed is
given by integrating the above equation with respect
to length. To integrate the above equation, it is
necessary to replace the void fraction and the
superficial velocity by the mean void fraction and
the superficial velocity at mean bed conditions,

respectively, thus:

2 2 1.2
8 -*
m JJO Em

Equation/...
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Equation (8) is not rigorous as applied to the entire
column,, because it neglects the variation in frac-
tional void volume and superficial velocity over the
length of the bed. A rigorous solution would involve
the substitution of the appropriate values of pressure
drop and superficial velocity, at various lengths,

in equation (8) and solving for the void fractions.
The average void fraction and superficial velocity
may then be graphically obtained. This procedure is
hardly warranted for the use of mean void fraction
and superficial velocity yield results well within
experimental accuracy. It may be convenient at this
stage to eliminate the bed length in terms of void

fraction, thus:

Substitution in equation (8) yields:

~ 2
= okaps? (2=fm)Un , K Up 0
3 2
€ Loem(l~am)

gAme

This is the general equation relating pressure drop
and superficial velocity for fluid flow through the

fixed bed.

Pulsating fluid flow through a fixed bed

In the case of pulsating fluid flow, both
the velocity and pressure drop are functions of time.

The instantaneous pressure-drop and instantaneous

superficial/...

© University of Pretoria



IVERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA
NIBESITHI YA PRETORIA

superficial velocity must, therefore, be considered

and are related by an equation similar to equation

(10)

2
_ 20 Kp8* (l-en)Uip . § Kp Uin

3 rz -
el vam(l €

gAP

ifm
)

m

In order to obtain average figures for the cycle,
the above equation must be integrated with respect
to the time, and the result divided by T, the dura-

tion of a cycle, thus:

+ b K X
Logi(l—gm) im
T
The integral % J‘ Uim dt has a simple physical
6

explanation which may be expressed in terms of the
volume passed per cycle, Q, and the mean superficial

velocity, Um. This relation is given by:

No simple relation which is known & priori exists

T
72
between Q@ and Jﬁ Jim dat.

It may, however, be assumed that some sort of
relation does exist between this integral and Q

or Um s 1€,

1
T/-oo
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® 0 2 8.6 00 006000000000 (128-)
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o+
1l
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It will be shown below that for all types of flow
which are likely to occur, F, though unknown, may be

expected to fall within fairly narrow limits.

F may be evaluated by the functions defined

in the following equations:

T
Z = Xx dt
J
and
T T T
W= fﬁdt:%fxdtjxdt
(0] (0] Q
thus:
WT

An approximation to the modulus of the factor F may
be obtained by considering a few known functions.

For details, see Appendix 8.

case I
X = a = constant
.‘. P =1.

Cagse II
x=2avt

. . P =1.125

Case/...
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Case III

Case IV

. . F = 1033

The experimental flow patterns encountered
lie in a region bounded by the four curves considered
above, Cases I and IV are unlikely flow patterns and
in general a form factor, F, having 2 modulus of:

1.2, seems not unlikely.

Substitution of eguations (12) and (12a) in
equation (11) on simplification yields:

= _2aKus®(l-ey) Uy , BKpF UR

g AT ceeeess (13)
fm Em Ibem(l—Sm)

Fulsating fluid flow in the fluidized bed

In the pulsating fluidized bed the solid
particles attain a degree of freedom and vibrate in
e vertical plane. From the amplitude and freqguency
observations, the maximum particle velocity may be
calculated, and was found to be of the order of
8 cm/sec. Thus the particle velocity may no longer
be neglected in the basic equation. The instanta-
neous superficial velocity must, therefore, be

replaced by the instantaneous relative superficial

velocity/...
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velocity. The instantaneous pressure-drop-velocity
relationship, in the pulsating fluidized bed, may be

represented by an equation similar to equation (10),

viz.:
gAD, = 2 a K pS?(l-ep) (Uip - Uipm)
im =3
m

- 2
. BKp (Uim - Uipm)

2
L,ey (1—em)

In order to integrate the above equation, the
mean void fraction, which is a function of time, must
be replaced by the overall mean void fraction, which
by definition is independant of time:

_ 2 aK ps?(1-ey) (Uip - Uipm)

X

m

gAPim

2
+ BEp (Uip ~ Uspp) ceeee (14)

= p
Ly tn (l"gm)

In order to obtain average figures for the
cycle, the above equation is integrated with respect
to time and the results divided by T, the duration

of the cycle. Substitution of:

T
”ff—-l-J(U. - V.. ) at
m - T im ipm
0]
T
—— 2
and F n’fz% J. (Uim - Uipm) dt
(0]

in/...
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c=z

Y

in the integrated form of equation (14), on

simplification yields:

—— 2aKus*(1-e) T, PBKpPF U2
goP = Bz, o

DR 1.

enf Loeﬁil-gi)

The above 1s the general equation relating the various

variables in the pulsating fluidized bed.

Modified Reynolds number and friction factor

The most convenient method of representation of
the experimentel data, obtained from the conventional
fluidized bed, was found by other investigatorsll) to
be the plot of the Reynolds number versus the friction
factor., T» test the theoretical value assigned to the
form factor, F, 2 modified Reynolds number and friction
fector, applicable to the pulsating fluidized bed, have

to be derived.

Modified Reynolds number

The Reynolds number for a fluid in motion in a

duct-may be written as:

Re = QBJl P I I I N I I I I S I A A AR (16)

W

In the pulsating fluidized bed the instantaneous
Reynolds number may be defined by an equation similar

to the above, viz.:

d. U*p
==
Rei- p’ ® & & 0 ¢ 0 0 P 0 6 0 0 0 0 O 0 s 0 P O 0G0 S e o s o0 o (17)

The/...
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The characteristic linear dimension in the Reynolds
number may be eliminated in favour of the specific

surface. Substitution of equation (7) and

U* = (Uim ~ Uipm)
€m

in equation (17) yields:

- 4 p(Ujp - Uipm)
1 ws(1-ep)

ke
Integration of the above equation with respect to
time, and dividing the result by the duration of the

cycle, T, yields:

J.Eié-“— p Uy e, v (18)
4 bS(1 - €p)

Modified friction factor

For a fluid in motion in & duct, the friction

fector is generally defined by an equation of the

type:

gAP=4¢% o U*

For the pulsating fluidized bed, the instantaneous
friction factor may be defined by an egquation

similar to the above, viz.:
4 @5 LpWUsy = Usnr)?
gAP- = Ql p iili lpm e 8 0 06 0 0 ¢ 00 (19)
im
deed

Substitution of eguetions (7) and (9) in equation

(19)/...
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i

(19), and integration of the latter with respect to
time divided by the duration of the cycle (T),

yields:

8 = meT————————T 5006606000000 0006000000000 (20)

Specific Surface ()

The conventional relationship for the specific
surface of the solid particles, as utilized in equa-
tions (18) and (20), may be modified to facilitate
the evaluation of the specific surface from either

the fixed or fluidized bed dats.

The external surface (S.) per gram of solids,

in 2 bed of solid particles, is given oy the equa-

tionl4):

83g AP
2 2
5T p" (1L -9 Ly

2
E =

S
The specific surface (S), on simplification of the

above equation, is given by:

5% 85g AP
50U (T —g)ly """crrrrroeerntere

1l

(21)

Substitution of equation (9) in the above, yields
the specific surface from uniform fluid flow data

in the fixed bed, as:

3
2 €Em & APfp

= e eeseteeseneases (22
5 Up (1 - ep) K p )

Substitution/...
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Substitution of the instantaneous pressure drop and
velocity in the specific surface equation, and in-
tegrating with respect to time and dividing by the

duration of the cycle (T), yields on simplification:

_'—6' ——— —
&n & AFp
1

n(l - e )Kp

(0]

S® =

\Ji
[

Equation (23) allows the evaluation of the specific

surface from the pulsating fluidized bed data.

Appendix 8 /...
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APPENDIX 8

FORM FACTOR F

An approximation of the modulus of the form

factor F by consideration of a few known functions.

CASE T
X = a = constant
T T
A
Z:J Xatzjadtza‘l‘
o}
T T
W= J L at = J atdt = a7
o} o}
« p =T a° TxT 1
° Z2 8,2T2
CASE I1
_%_
X = at
T T
[ r 1 3/,
7 = xdt = J at” dt = & aTl
3
Q T
i = x°dt = o[ a’t dt = & a® 1°
3
: 1.2m2
F-%=i—§—£ﬁx—l=%—:l.l25
Z gasz

CASE III/...
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CASE III
X = a Sinwt
wi=T7 wt=7
Z = J x dt = j a 3in wt 4t
u)t———o u)'t:o
wt=o
=§-Cos wt J _%5
wt=%
wt=7 wh=7n
Wo= J 2 dt = [ a? Sinf wt dt
wt=0 wt=0
. 1 wt=T7
zg_[u_)_‘g_Sin2th»
w L2 & wt=0
_ a’n
2w
a2n
am x T
F:&Zsz But wT =7
72 4a
w?
azn 0 % n2
F:d—(_ﬂ—x—ngﬁ-:?zl.ZB'
CASE IV
x = at
T T
T2
Z=det: [atdtzaz
o
T T
2T3
W o= JA x?dt = a®t?at = a3
0 0
2.3
WT a“T 4 4
= —— = T = = = 1.33
F 77 5 X T X 2 e

Appendix 9 /...
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APPENDIX 9

SEECIMEN CALCULATIONS

The experimental results obtained from the
experimental series Al to A5 were used, as far as

possible, for the specimen calculations.

9.1 FIXED 3ED

Observations

The following are typical observations
required for the calculation of the superficial velocity

at mean bed conditions in the fixed bed:

(1) Pressure drop across the bed: AP 21.7 gm/cm2

fm

(2) Fressure above atmospheric
pressure at downstream side
of the bed

12.0 gm/cm”

(3) Mesn bed temperature 299.5°K

1l

(4) Atmospheric pressure 883.9 gm/cm”

(5) Superficial velocity at

883.9 gm/cm?® and 299.5% 25.1 cm/sec.

Calculations

(a) Superficial velocity at mean bed conditions

Evaluation of typical superficisl velocities
at mean bed conditions, given in Table 2, Appendix 1,

is set out below:

Mean/...
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lMean absolute pressure existing in bed

i

88%.9 + 12.0 + 0.5 x 21.7
906.8 gm/cm®

i

Superficial velocity at mean bed conditions

Un

]

25.1 x 883%.9/906.8

24 .4 cm/sec.

Evaluation of the constants a and b defined by

2
=a U + b U
m

Arf n

m

bmploying the data in Table 2, Appendix 1, the

following calculations were made:

3
(1) :g‘Ame/Um = 15.% gm sec/cm

(2) :ngme = 197.5 gm/cm”
(3) = U, = 228.3 cm/sec
(4) = (Um)2 = 3788.1 cm”/sec”

(5) Number of observetions : n = 18.

Substitution of the above in equations (26) and

(27) yields:

15.%3 = 18 a + 228.3 b
197.5

228.3% a + 3788.1 b
Solving for a and b:

’ S
0.793 gm sec/cm
b =4.35 x 107° gm secz/cm4

W
1

Thus/...
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Thus, the pressure-drop-velocity relationship
in the fixed bed may be represented by the

equation:

A _ -3 2
Atfm = 0.793 Um + 4.35 X 10 Um

9.2 FLUIDIZED BED

Observations

The following are typical observations
required for the calculation of the mean superficial

velocity in the pulsating fluidized bed:

(1) Pressure drop across bed: z&f; = 5.7
(2) Pressure above atmospheric

pressure &t the upstream side

of the bead = 8.7 gm/cm”
(3) Mean bed temperature = 298,9%

(4) Atmospheric pressure 884 .4 gm/cn®

]

(5) Superficial velocity at
884.4 gm/cm® and 298.9°K

]l

7.8 cm/sec.

Calculations

(a) Mean superficial velocity

rvaluation of typical mean superficisl
velocities, given in Table 10, Appendix 2, is
set out below:
Mean absolute pressure existing in the fluidized

bed

884.4 + 8.7 - 0.5 x 5.7
890.4 gm/cm®

H

Mean/...
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Mean superficial velocity

(e}
il

7.8 x 884.4/890.4

I

7.7 cm/sec.

(b) Calculation of the overall mean void fraction

The overall mean void fraction is evaluated
employing the pressure drops and velocities in Table 34,

Appendix 3.
Suvstitution of

a = 0.793 gnm sec/om3 % From the

b = 4,35 x 10" ° gm/sec®/cm*) corresponding
)
)

e_ = 0.,3%65 fixed bed.

.6 gm/cm® )
— )From Table 34, Appendix 3.

>
HJ
I

1

U, = 7.6 cm/sec )

F =1.2
in

3 - 2
J— £ l__ —— - ——
AP, = a @5%) Lnf;JU1 + bFQE%) QLQE%HJE. (28)
(Em) (1-€m) T (Em (1—8111) o

yields

5.6 = 0.793 —=

Graphical solution of the above equation yields

€qn = 0.3772.

9.3/.4.
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9.3 BSEECIFIC SURFACH

As an example the specific surface of the
solid material will be evaluated at a mean superficial

velocity of 8.5 cm/sec.

Substitution of the following data:

(1) U, = 8.5 cm/sec

(2) Eﬁ; = 6.1 gn/cm® From Table 34, Appendix 3.
(3) e, = 0.382 From Table 42, Appendix 4.
(4) L o= 1.8 x 107* gm/cm seclB)

(5) L = G.7cm )
) From corresponding fixed bed.

(6) Em = 0'365 )
in
o2 En & 55;
Zoﬁ__(l __)K] o o @ Y e o e 0o 0 0 0 (23)
m -€. b

where X = L (l—em)

= 9.7 x 0.635

= 6.16 cm
yields

2 _ (0.382)° x 981 x 6.1
© S x8.5 (0.616) 6.16 x 1.8 x 10™*

-
w2
1l

107 cn®/cm®

9.4/...
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9.4 LODIFIED REYNOLDS NUMBER

substitution of the following typical data:
(1) p = 1.8 x10™* gm/cnm sec

(2) p =1.198 x 10”° gm/cn’

(3) 5 = 106.4 cn?/cn® (Table 3%, Appendix 3.)
(4) ﬁ; = 7.6 cm/sec
(5) 2; = 0.3772 (Table 42, Appendix 4.)
in
= _ ¥ Y
He = -— X = ——
us (1~ ep)
yields
= _ 1.198 x 10°° x 7.6
1.8 x 107* x 106.4 x 0.6228

0.763.

1

9.5 MODIFIED FRICTION FACTOR

oubstitution of the following typical data:

(1) U, = 1.6 cm/sec

(2) 'ZE; = 5.6 gn/cm” (Table 34, Appendix 3)
(3) S = 106.4 cm?/cm® (Table %%, Appendix 3)
(4)  p = 1.198 x10™° gm/cm®

(5) F = 1.2 (see text)

(6)/...
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(6) K = 6.16 cm
(7) Z; = 0.3772 (Table 42, Appendix 4)
in

5 _tm & Pp

5 FKpUS

yields

ri (0.3772)° x_981 x 5.6

106.4 x (1.2)% x 6.16 x 1.198 x 10~ x (7.6)

= 4.54.

9.6 INSTANTANEQUS RELATIVE VELOCITY

The instantaneous relative velocity may be

calculated from equation (30):

e 3 1—2;’
—a[Eﬁ] 1-tn
2b£§m]2[1—€m'

len m

(U, -U, )=

im ipm

l-gp]

en )’ [I“Em]2 en]’ [1_‘8111} &
+ la ;-I-h [l‘sm + 4b AFip E-Ir-l ll-E; J

b en P l-gepy
o .

%)

Substitution/...
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Substitution of

0.646 gm sec/cm’

a = g
, Table 1
b = 3.50 x 107° gn sec® /em') ’
) Appendix 1
ep = 0.345 )
e, = 0.353 )
, ) Table 58, Appendix 6
AP, = 6.0 gm/cm” )
yields
\ 0 345]3_b.64l
(U303 o) = 20646 555 60;5252 e
-3 . R
RO 616)° b.345]6,b.64j]2]%
N : 0.353] [0.6%5] |
N [0.3451% [0.655
2 x 3.50 x 107 x {o 2l & 47}

{4 X 3.5 x 107° x 6.0 x 19;_2&.5_}2 0.655
+ [ 0P

-3 0.345]2 [0.655
2 x 3.50 x 107° x &t?ﬁiﬂ &Tiifﬂ

= 9.4 cm/sec.
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