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NOMENCLATURE

Description
cross sectional area
reciprocal time constant
average concentration sensed by all
channels over the last ten seconds

of a run

average concentration measured on
channel i over a one second time interval

maximum concentration of channel i over
the last 20 seconds of a run

concentration measured by channel i at
time increment j

specific heat of solids

tracer concentration
normalized tracer concentration

mean concentration of all channels
calculated for time interval j

(Ej/f*), normalized meaan concentration
overall dispersion coefficient

axial and radial dispersion coefficients
mean surface particle diameter

average diameter of size interval i

acceleration of gravity, 9.3 m/s
(32.2 FPS)

Dimensions

Lt



Nomenclature, continued

Szmbol
J

v

K

ea

MSMM

OMT

OMT

OMT

Description Dimensions

. . -2, -1
vertical flux of solids ML 't

) _ L -1,_-1
effective axial thermal conductivity EL T

mean square measure of mixing

-3
(Chapter V) ML
overall mixing time (Chapter IV):
time required for all channels to register
their average final or "equilibrium?
values. More precisely, it is the time
for the slowest or worst channel to fall
within the noise band about the equili-
brium concentration. t
overall mixing time (Chapter V):
the time required for the MSMM curve
to fall within the noise band about the
equilibrium concentration. t
overall mixing time (Chapter VI):
time for the tracer to enter the ''noise
band' about the equilibrium concentra-
tion of the mass balance curve or the
normalized tracer average concentration
curve. t

-2
pressure FL
time t
time interval t

. : -1

superficial gas velocity Lt
superficial gas velocity at minimum 1
fluidizing conditions Lt
driving voltage of the inductance circuit v



Nomenclature, continued

AvV

AV

Desc ription

inductive voltage component

amplitude of the inductive voltage
component

output voltage of the circuit
resistive voltage component

amplitude of the resistive voltage
component

voltage diffe rence
average voltage difference
weight of solids

distance

fraction of material in size interval i

concentration of tracer in solids mix

mean square distance

Greek Symbols

o

v

N oy

mean bed density, solid density,
gas density

kinematic viscosity

frequency

Dimensions

v

v
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SOLID3 MOVEMENT IN A
TUBE-FILLED FLUIDIZED BED

I. INTRODUCTION

Fluidization is a curious term created by engineers and scientists
to describe a man-produced and natural-occurring phenomena,
Davidson and Harrison [ 10] define gas fluidization as the '"technique of
giving to solid particles the properties of a [ fluid] by forcing gas ...
up through a bed of scolid particles at a flow -rate sufficient to support

1

them.'" According to Kunii and Levenspiel [21], gas fluidization is

"'the operation by which fine solids are transformed into a fluid-like

"' By any definition, fluidization is

state through contact with a gas ...
now used for many important industrial applications and has, therefore,
become the subject of intensive research and development,

In an attempt to develop cheap, reliable and environmentally safe
fuels, both government and industry have instigated additional research
in the area of fluidized coal combustion. Bituminous-coal-fired
burners no longer meet the revised requirements and regulations of
society. For example, since these burners cannoct control sulfur
dioxide (SOZ) emissions, this task must be done separately with expen-
sive scrubbing systems. Fluidized bed combustors, on the other hand,

operate isothermally at relatively low combustion temperatures £750-

800°C) and, thereby, irhibit NOx emissions while providing cptimum
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conditions for the retention of sulfur by limestone or dolomite in the
bed. In general, fluidized coal combustors, as opposed to standard
burners of the past decades, are extremely versatile.

Gas-fluidized beds are recognized for their good solids -mixing
prope rties. In fact, for many gas-solid reactions fluidized beds mix
rapidly enough to be considered well-mixed reactors. Unfortunately,
this is not the case for large -scale fluidized bed coal combustors.
Coal particles burn to completion in a few minutes, and evolve large
quantities of combustible and polluting gases (e.g., sulfur dioxide)
only seconds after their introduction to the bed. Thus, it is generally
accepted that a very large number of feed points must be used to inject
the coal in order to consider the media well-mixed.

Most previous solids -mixing studies involve fine particle systems
with a mean surface diameter, ?i-p, less than 0.5 mm (0,02 in) and
relatively low superficial gas velocities, less than 1.8 m/sec (6 ft/sec).
Fluidized beds of intermediate particles (0.5 mm (0,02 in) to 1.5 mm
(0.06 in) in diameter) and large particles (greater than 1.5 mm (0. 06
in)) have only recently become a topic of investigation, primarily as a
result of the increasing importance of several new processes such as
fluidized bed combustion oi coal,

Fluidized bed coal combustors typically use dolomite or lime -
stone particles of diameter greater than 0.5 mm (0,02 in) to prevent

the formation of sulfur dioxide produced by burning sulfur-containing



coal. To be more specific, limestene particles in the bed are calcined
to form calcium oxide which then combines with oxygen and sulfur
dioxide produced by coal combustion to form calcium sulfate, a solid
waste. One to two percent of the bed marerial is coal. The heat pro-
duced in the bed is transferred to an immersed horizontal tube bank.
These heat exchange tubes are used for steam generation in electric
powe r plants and for liquid and gas heating in the process industries.

In the design of a large-scale fluidized bed combustor it is
important to know just how fast solids move and disperse throughout
the bed. This problem is the motivation of our study. It is significant
to note that experiments dealing with modeling parameters of solids
movement need not be conducted in a hot bed where tracer monitoring
is extremely difficult. Solids movement is strongly dependent on
bubble size and frequency, and, therefore, it can be modeled quite
well at room temperature, The bed media (its physical properties and
amount) and geometry (.91 m x . 91 m (3" x 3') with an array of
dummy heat transfer tubes immersed in the bed media) and the range
of superficial gas velocities presented in this study are all roughly

representative of fluidized bed combustors.



II. FREVIOUS WORK

2.1 Background

Studies of solids movement in gas-fluidized beds have shown
that bubbles are principally responsible for mixing and circulation of
solids, In small particle beds (-d-p < 0.5 mm (0.02 in)) rising bubbles
carry along wakes of solids and associated gases, as demonstrated by
Davidson and Harrison [ 10], Woolard and Potter [ 44), and Abrahami
and Resnick [ 1], "The sheddirg and replenishment of solids in the
wakes of bubbles appears to be the major mecharism of solids trans-
port in these beds' [21]. On the other hand, in large particle beds
(E > 1.5 mm (0.059 in)) the solids transport mechanism is almost
entirely bubble ~induced drift or displacement according to Cranfield
(9]. In the intermediate regime {C.5 mm (0.02 in) < a.p < 1.5 mm
{0.059 in) ) both mixing mechanisms participate. Our study is in the
intermediate regime withd = 0,8 mm (0.03 in).

There exist four major differences between our study and those
done previously.

(1) QOur bed has an immersed tube array.

(2) Many of our experiments are done at relatively high super-

ficial gas velocities.

(3) We use intermediate-sized bed media (d = 0.8 mm (0.03 ir)};

- - -
and large tracer (do':.‘- 5.08 mm (.2 in}) for runs 30-73,



'&pf_u_ 1.6 mm (0.06 in)) for runs 74-114).
(4) The tracer sensing probes are inductor coils inside the
tubes of the array; accordingly, the probes are in situ and

non-disruptive.

2.2 Early Experimental Studies and Modeling

2.2.1 Diffusion Model

Bart [ 2] carried out tracer studies in a 31,8 mm (1,25 in) L. D.
tube and modeled the mixing with the diffusion equation (and appro-
priate boundary conditions),

2Cy L ) 2
2t D x>
where Ct is the concentraticn of tracer (kg/m3), Dsa is the axial
dispersion coefficient of solids (mz/sec), t is time (seconds) and x is
axial distance {m).

Stemerding and Reman [ 39] fcllewed an indirect method, intro-
duced by Gilliland and Mason [ 15}, where they determined the axial
diffusion coefficient of solids from knowledge of the axial temperature
distribution in a long, narrow fluidized bed. When heat is supplied to
the top of the bed electrically and removed from the bottom with a cool

water reservoir, the apparent axial thermal conductivity, Ke*’ can be
<

used to calculate an apparent axial diffusion coefficient (D~a) for
)



solids mixing:

Do = Mea
W
where Cps is the specific heat of the solids (J/Kg °K), /-o" is the
average bed density (Kg/m3) and Kea is the effective thermal con-
ductivity (W/m °K).

Lewis, Gilliland and Girouard [ 24] extended Gilliland's approach
to study radial or lateral transport by insertion of a vertical electric
heating element along the axes of 50.8 mm (2 in), 74.7 mm (2. 94 in)
and 146.1 mm (5. 75 in) diameter beds and cooling the outer walls of
these cylindrical beds. Kunii, Yoshida and Levenspiel [22] interpreted
this data in terms of the diffusion model and found that lateral and
axial diffusion coefficients increase as particle size becomes smaller.

May [29] experimented in fluid bed units up to 1.52 m (5 ft) in
diameter using cracking catalyst and incipient bubbling velocities.
Radioactively tagged particles were injected at the top of the bed and
monitored at various locations below. In the .381 m (15 in) diameter
unit, the data fit the diffusion model fairly well. On the other hand,
data from the larger units were much more erratic. Although,
according to May, there was evidence in the larger units of a gross
circulation pattern with smaller scale mixing supe rimposed on it.

May also observed that mixing of . 050 Kg (0. 11 lbs) of catalyst with
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14,800 Kg (15 tons) of catalyst was complete in less than a minute in
the 1.52 m (15 ft) unit.

Hayakawa et al. [ 16] monitored the spread of solids in fluidized-
packed beds (where fine glass spheres were fluidized in the voids of
Raschig rings made of metal screens) by the change in electrical
resistance during the mixing of conductive and non-conductive
materials. From their results, one can conceivably postulate a
diffusion mechanism.

Brotz [ 5] and, eventually, others (Gabor [ 13] and Mori and
Nakamura [ 32]) studied lateral diffusion in a shallow rectangular
fluidized bed by measuring the rate of approach to equilibrium (i.e.,

a uniform solid concentration) after rapid removal of a plate separating
two regions of different tracer concentrations.

Several researchers [ 21, 10] claim that the diffusion model fails
to explain the wide variation in reported data. The reason for this
failure is the presence of large bubbles, which precludes the use of
any model whose basis lies in a diffusion type of mechanism (that is, a

mechanism requiring a large number of small, random mixing steps).

2.2.2 Two-Stirred Tank Model

Katz and Zenz [ 18] describe the mixing of solids in terms of a

flux of solids across a horizontal plane using the following differential

equation:



|xs
wWoda = v, Fe oA, (X - X, )

where Wl and W, are the weights of solids {Kg) in regions 1 and 2,

2

Xs and XS are the concentrations of tracer (Kg tracer/Kg total

1 2
solids) in the upper (1) and lower (2) regions, Jv is the vertical flux of
solids across the horizontal boundary (Kg/m2 sec) and At is the cross
sectional area of the bed (mz).
Physically, Jv is a flux at the center of the bed and it tells
nothing about how much material crosses the horizontal interface at
distinct locations. Since the model is a poor {fit to reality, JV values

can only be considered as a rough approximation of the flux of solids

up or down a bed.

2.2.3 Movement of a Single Particle

Toomey and Johnstone [ 42] used 2 high speed filming technique
in a bed of 376 micron (0.0148 in) diameter glass spheres and reported
no change of sign in the vertical particle velocity component along the
wall of their 120 mm (4. 72 in) diameter fluidized bed, i.e. the velocity
component was always downward. After observing these expe riments,
Leva [ 23] claimed that the mean particle velocity is lower than the
supe rficial fluid velocity and that both of these velocities are somehow

positively related. In other words, as the superiicial gas velocity



increases, the mean particle velocity also increases.

Kondukov et al. { 19] studied the movement of individualized
radioactively tagged particles in a fluidized bed. Besides observing
that particles wander everywhere in the bed, he noticed a rapid upward
movement compared to a slow pulsating migration downward. Thus,
solids spend a considerable portion of their time drifting downward,
but they are occasionally blown up to the top of the bed.

Leva [ 23], in a study similar to that of Kondukov, noticed active
zones above the bottom portion of the bed, where tagged particles
moved down the wall and, then, suddenly away. Todes and Bondareva
[3,4, 41] drew an analogy between this motion and turbulent pulsations
of fluids after viewing their motion pictures of fluidized steel spheres.
Massmilla and Westwater [ 26] conducted a similar study and also

observed particle pulsations.

2.3 Proposed Mechanisms and Modeling Efforts

2.3.1 Background

As mentioned previously, most recent studies have focused on
bubble wake and drift mechanisms of solids mixing in vigorously
fluidized beds without tubes. Sutherland [ 40} and Rowe and Sutherland
[ 36] examined mixing of a layer of nickel shot in long, narrow fluidized

beds of copper shot. They observed very slow mixing at gas velocities
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close to U (the minimum fluidization gas velocity) and significant

mif

improvements in mixing at velocities only 1.3 times U Thus, one

mf’
would be led to conclude that mixing of solids in gas fluidized beds
must be a function of the size and number of rising bubbles in the bed.
A major difference between fluidized beds of large and small
particles is their respective relationships of superficial gas velocity
to rising bubble velocity. In beds of small particles (Ep < 0.5 mm
(0.02 in)), the rising velocity of bubbles exceeds the superficial gas
velocity and, therefore, the bubbles are referred to as fast bubbles.
On the other hand, beds of large particles (&'P > 0.5 mm (0,02 in)) are
characterized by slow bubbles since the air velocity through the

emulsion phase is greater than the bubble rise velocity. A closer

inspection of the small and large varticle regimes is now in order,
P ge g

2.3.2 The Small Particle Regime - Bubble Wake Transport

Rowe and Partridge [ 35] have shown in small particle beds
(Ep < 0.5 mm (0,02 in)) that solids ars entrained in the wake {a small
turbulent region of solids located immediately underneath a bubble) of
upward rising gas bubbles. The solids are supported under the bubble
by upward rising gas. These investigators approximate that the wake
of the bubble is 30% of the bubble volume. Thus, movement of solids
results from wake transport, i.e. bubble wake shedding and replenish-

ment, in beds of small particles.
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Nguyen et al. [ 33] studied the interrelation between bubbles,
solids movement and gas backmixing in their 1,22 meter (4 foot)
square bed without internals. Their data demonstrates that the counter-
current backmixing model (or bubbling bed model), which incorporates
the bubble wake mechanism, is an acceptable description of small
particle fluidized beds. They conclude that in large fluidized beds,
gas velocity and, thus, the number and size of bubbles have a very
pronounced and direct effect on solids mixing.

While the countercurrent backmixing model proves to be very
powe rful in small particle beds operating at low velocities, it cannot
be used in its present form to account for turbulent and fast bubbling
regimes, where definite single bubbles are practically nonexistent,
Mireur and Bischoff emphasize this conclusion in a recent study where

they state that

most commercial fluidized beds are operated under
conditions where the gas flow rate is many times
(5-10-20) the minimum. Here, the bed is a churning
mass with bubbles of many sizes colliding,etc., and

it is difficult to see how a direct bubble model could be
used. In other words, there would always be a certain
number of empirical parameters regarding bubble size
distributions [ etc. required] ... [31, p. 840)

2.3.3 The Large Particle Regime - Bubble Drift Transport

Cranfield [ 9] investigated solids mixing in fluidized beds (20 x

610 mm (0. 79 x 42,02 in) and 610 x 610 mm (42. @ x 42.02 in) ) of



large particles (1.52 mm (0.0598 in) < d <1.76 mm (0.0693 in),
P
3 3 —_ 3
1025 Kg/m™ (13.17 lb/ft") < /Os < 1150 Kg/m~ (14,77 lb/ft3) ). After
comparing the mixing caused by a single bubble with that resulting
from a sphere drawn up manually through a quiescent bed, he con-
cluded that material was vertically transported by bubble-induced
drift only. He, also, asserted that the net vertical transport of solids
was a function of bubble flow, time and bed level.
In his investigation, Cranfield noticed the existence of specific

particle zones.

At the distributor, particles are mixed by the jetting

gas, and in the freely bubbling zone they are mixed

by randomly superimposed, bubble-induced drift. In

the [ 3 ] bed there are descending wall layers for

solid return arising from the lateral displacement of

surface material by erupting bubbles. {9, p. 59]
According to Cranfield, '"the net lateral particle displacement induced
by a rising bubble was negligible, but considerable lateral displace-
ment of the bed surface material and deposition ot underlying mate rial
on the surface occurred upon the eruption of [ a] bubble [ 9, p. 60].
He suggests forced circulation (e.g., ""Gulf-stream'' generated cir-
culation) to increase lateral mixing and, therefore, improve dispersion
of fuel from a feed point in large particle fluidized combustors.

H. Masson [ 27] experimented in a two-dimensional bed and

observed solids circulation patterns. In accord with other investigators

he, also, detected mixing of solids in the bukble wakes and local
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motions, on the scale of a bubble diameter, as described by a '"drift
effect. '

Only a few other studies have been conducted using large
particles. Brotz [ 5] investigated axial diffusion, using colored
particles for tracer, in a bed consisting of particles 2-10 mm (0.08 -
0.33 in) in diameter. Highley and Merrick [ 17] used a 1.52 m (5 ft)
diameter bed of coal particles ranging from 0.55 to 1. 77 mm (0,022
to 0.067 in). They determined diffusion coefficients by removing
radioactive tracer at various vertical and radial pcsitions in the bed.
Burovoi and Svetozarova [ 6] used a continuous flow bed to determine
axial diffusion coefficients of 0.5 - 4.0 mm (0.02 - 0. 16 in) particles.
Geldart and Cranfield { 14] modeled vertical transport of magnetic
tracer particles (1-2 mm (0.030-0.079 in)) with the two-stirred tank
model.

2.3.4 Residence Time Distributions (RTDs) and Compartmental

Modeling

The measurement and analysis of residence time distribution is
an important tool in the study of continuous flow systems. Fluidized
beds with a constant inflow and outflow of solids can be analyzed with
compartmental RTD models., These models represent the bed as
inte rconnected compartments, which may exhibit well-mixed behavior,

plug flow, short circuiting, dead space, channeling, etc., Combinations
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of these compartments are arranged so as to best approximate an
experimentally obtained solids RTD. Comparmental modeling can be
used to predict conversions of solids exiting a gas-solid fluidized bed
reactor, However, this approach cannot describe mixing and conver-
sions in specific regions of a bed. In flowing beds of large particles
(El-p > 1.6 mm (0.063 in)), Cranfield [ 9] found that particle residence
times approximated those of well-mixed beds.

K. Schugerl [ 38] measured conversion profiles and residence
time distributions to determine the degree of backmixing along the
walls and in the center of fluidized bed reactors. He observed three
distinct mixing regions in the bed. Directly above the gas distributors
only slight mixing occurs because of the low bubble frequerncy and
small mean bubble diameter. Adjacent to the walls, mixing is signifi-
cantly better; while in the center region, the best mixing is observed.
Schugerl explains the distinct wall and center regions by a low intensity

of radial mixing.

2.3.5 Overall Effective Measures of Mixing

Trawinski [ 43], Matheson et al. [ 28], and Furukawa and Omae
[ 12] attempted to describe particle mixing in terms of an overall
effective viscosity of fluidized beds. Kramers [20], in a more per-
ceptive and detailed study, demonstrated that the effective viscosity

varies at different locations within a fluidized bed by measuring vertical
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viscosity profiles. Liu and Orr [ 23] extended Kramers' work and ob-
tained local values of the effective viscosity at various points along the
vertical axis of an air-fluidized bed. Schugerl [ 38], in accord with
Kramers, Liu and Orr, insisted that fluidized beds are highly complex
systems and, therefore, cannot be described by a single characte ristic

parameter, e.g. an overall mixing coefiicient or an overall viscosity,

g.
etc,. '"Depending on the sampling technique and the location of the

sample, one can obtain values [ of a single characteristic parameter]

which are one order of magnitude difierent’ [ 38, p. 267].

2.4 Closure

At present, no gene ral correlation exists for calculating solids
mixing in tube -filled fluidized beds of intermediate and large'particles.
Some researchers are trying to make an analogy with molecular and
turbulent diffusion and, in this way, describe mixing by an effective
diffusivity, viscosity, mixing coefficient, etc. of the fluidized bed.
Zabrodsky [ 45] asserts that practical calculations using such effective
measures are still far in the future, More information is required on
the effects of particle properties (size, density and sphe ricity), the
diameter of the bed, internals (like heat transfer tuobes), supe rficial
gas velocity, amount of bed media, etc. to develop a correlation for
effective measures of mixing which is consistent with particle move-

ment studies in industrial-scale units. These variables are among
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those considered in the present study. We plan to contribute to the
reservoir of data required to obtain such correlations; although
Schugerl may be correct in his claim that the data is too complex to

allow for such a reduction,
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III. APPARATUS AND MATERIALS

3.1 Background

Nume rous techniques have been employed to study solids move-
ment in fluidized beds. Methods that involve injecting colored or
otherwise tagged particles and then slumping (i.e., defluidizing) the
bed for a layer by layer examination are very poor. DBesides being
time consuming and difficult, the defluidizing time of one or two
seconds reduces the accuracy of tracer migration measurements,
significantly. In addition, Donlevy [ 11] has shown that the slumping
process is accompanied by segregation of different sizes of particles.

Anothe.r method proposed by Highley and Merrick [ 17] makes use
of a sample thief to collect samples at various positions in the bed.
This technique is limited by the number of samples that can be collected
during the time tracer is dispersing in the bed. It also tends to disrupt
solids movement and circulation in the bed.

In situ detection of radioactive tracer has been employed by some
researchers [ 17, 19, 29]. Besides being hazardous, this tracer
technique gives relatively ''noisy'" data because the intensity of radia-
tion detected by a probe varies with the density of the bed media
between the probe and the radioactive source. Thus, the occurrence
of a bubble near a probe would increase the amount of radiation sensed

by the detector and make the tracer appear to have moved closer to it,
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Calculations show that even at steady state, the tracer signal would
fluctuate by at least an order of magnitude,

Our experiments use a ferromagnetic substance with soft-
magnetic properties, ie. the particles can be collected with a magnet,
but do not become permanently magnetized, The presence of particles
in any region of the bed is detected by means of inductor coils within
dummy heat transfer tubes immersed in the bed, which is nondisruptive.
Ferrite particles in the vicinity of an induction coil increase the in-
ductance of the coil by an amount proportional to the volume fraction
occupied by these particles. Also, ferrite material can be incorpor-
ated in a polyester‘casting resin, thus providing tracer material of
any size and a range of pessible densities.,

The sensitivity of our coils is high enough and their stability is
good enough to allow the use of low concentrations of tracer (e.g. one
volume percent)., Also, the response time of our technique is less than
one one -hundredth of a second, which makes it possible to catch many
transients that go undetected by sampling techniques, Thus, we have
developed a very flexible technique for tracer studies while avoiding

the inherent difficulties and inaccuracies of previous techniques.

3,2 The Test Facility

The 0.91 m by 0.91 m (2 ft by 3 ft) cross section fluidized bed is

used for solids movement studies (see Figures 3,1 and 3,2), Air is
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supplied to this bed by a Root Positive Displacement Blower (maximum
pressure drop: 51.7 KPa (7.5 psi), maximum flow rate: 3,78 m3/s
(134 §t3/s) ), which is driven by a 242 KW (325 HP) diesel engine, The
blower and engine are located in a sound-proof chamber. Although the
bed operates isothermally, air temperatures range between 25°C
(77°F) and 55°C (130°F) depending on whether the bed has been
warmed-up. On exiting the sound proof chamber, the air passes
through a butterfly valve and enters the bed through a wind box
{Figure 3, 3), which ensures an even distribution of gas to the distri-
butor plate. It, then, passes through the perforated "sandwich'' design
distributor plate (Figure 3.4), which consists of two 10 gage mild
steel plates with a wire screen (No. 20 Tyler Mesh) between them.
The plates have 5.55 mm (7/32 in) diameter holes placed on 19,05 mm
(3/4 in) centers in square pitch. The open area of a plate is 5. 68
percent, which allows for superficial gas velocities up to 3.81 m/s
(12.5 ft/s) with 1361 Kg (3000 1bs) of bed media. The pressure drop
across the distributor plate is high enough to achieve uniform flow
through the openings and, thereby, avoid channeling. The ratio of the
pressure drop across the distributor to that across the bed is approxi-
mately 40 percent. For the fine particle (EI-70) experiments every
other row of holes on the distributor plate was sealed with tape;

After passage through the free-board, the exit gas stream is

distributed into four cyclone separators {Figure 3.5) operating in
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parallel. All entrained fines are removed from the gas in these
separators and the particle-free gas then flows through a calibrated
venturi meter (refer to Figure 3. 1) which allows for calculation of the
supe rficial gas velocity through the system (with minimal pressure

drop due to the measurement),

3.3 The Tube Array

The heat transfer tube array is a steel frame holding 50.8 mm
(2 in) O. D., horizontal, fiberglass tubes (Figure 3. 6). The array has
an equilateral triangular pitch with 10l. 6 mm (4 in) horizontal, center
to center tube spacing. The fiberglass tubes are supported by vertical
rods and plastic spacers (which provide vertical separation of the
tubes), Installation of the tube bundle is done with the lift carriage
(refer to Figure 3.1) and hooks in the back of the bed. The array can
be installed at two different levels; with its bottom either at 234 mm

(10 in) or 508 mm (20 in} above the distributor plate.

3.4 Bed Media

According to E. C. McKenzie [ 30], a bed of coal ash and lime-

. R 3 - 3
stone has a density of about 2700 Xg/m™ {167.4 lb/ft ). In an attempt
to model the real situation, we used silica sand (EI-16, Wedron Silica
Div.) as bed media. This sand has a surface mean particle diameter

.3, 3
of 0,8 mm (0.03 in), a density of 27C0 Kg,/m (167.4 1b/%t") and a
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minimum fluidization veloci:zy, Um,f’ of . 459 m/sec (1.51 ft/sec) [ 8].
Three fine particle runs were conducted with EI-70 sand, which has a

surface mean particle diameter, dp' of 0,17 mm (0.0068 in) and a

density about the same as EI-16 sand,

3.5 Ferrite Tracer Particles

It was necessary to make special territe tracer particles
because most ferromagnetic substances have a specific gravity above

=21, 5}, A

4 -~ far too dense to simulate the behavior of coal (/) ~
coal

specific gravity of about 2.4 was obtained by mixing ferrite particles
with an acrylic casting resin. Small 5 mm (0.2 in) cubes were cut out
of thin layers of this resin when it was only partially hardened. These
tracer cubes were used for runs 50-73. After run 73, the ferrite was
crushed until it had a surface mean diameter, Ei-p, of 1.6 mm {0.06 in),

as calculated by:

ZP = ZL-- xiap)

where x. is the fraction of material in size interval i and dD is the
i .
i

.

average diameter of that size interval. A Ro-Tap Tyler sieve shaker
was used for screen analysis of these tracer particles ard the El-l¢

and EI-70 sand (see Appendix A for sieve analyses).
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3.6 Tracer Injection and Removal

Tracer is introduced in a slug above the fluidized bed. The
injection port is about 2,03 m (80 in) above the distributor plate (refer
to Figure 3.2). After a tracer run is made, the ferrite material is
separated from the sand. This is accomplished by refluidizing the
bed and draining the sand -ferrite mixture, at a fixed rate, onto a
conveyor belt, which passes over a magnetic drum (see Figure 3. 7).
The non-ferrite material falls off the edge of the drum into a barrel;
the ferrite material clings to the belt until the belt separates from the
drum, where the ferrite material drops into a bucket. A vibrating
tray controls the rate of solids fecd onro the conveyor belt (see

Figure 3. 8).

1
3,7 The Probes

Sixty -four inductance probes were used to measure the concen-
tration of ferrite tracer as it spread throughout the bed (Figure 3.9).
The arrangement of the tubes and the location ot the inductor coils
within the array is shown in Figure 3.10, Each inductor coil
monitors the concentration ot ferrite in a volume with a radius of about

100 mm (4 in) from the center of the coil (see Figure 3.11l). The

The inductance probe method was conceived and developed bv

Dr. Thomas J. Fitzerald.
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Figure 3.11. Magnetic lines of force surrounding a probe were

determined by two methods: (1.) A coil (20 turns of
No. 28 wire) was connected to earphones and rotatsd
in the field until a 4 X-Hz sine wave signal generated
in the probe was inaudible in the earphones; i.es. the
coil was perpendicular to a line of force. This was
done at discrete points along distinguishable lines
force. The figure is 2 diagrammatic account of what
was heard. (Note that the sensitivity of the probe
at a particular location in its field is, ideally,
inversely portional to the area of the curvilinear
square at that location.). (2.) The prcbe was
connected to the inductance circuit and voltage
values were recorded for a ferrite cube {5.08 mm)
moved about in the field of the probe. The results
of this analysis were incorporated into the figure
also.
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inductor coils consist of approximately 1200 turns of fine wire (#34
gage) wound on a plastic tube, which is approximately 41 mm (1. 6 in)
in diameter (see Figures 3,12 and 3. 13). A ferrite core was placed
inside the coil to increase the sensitivity of the probe and improve the
uniformity of the magnetic lines of force within the probe's pick-up
volume. Each probe has an inductance of 0.1 Henry and is used in a
balanced active bridge circuit for monitoring ferrite concentration in
the fluidized bed., When ferrite is near a probe, its inductance is in-
creased and the bridge goes out of inductive balance, The resulting
output signal (which is measured in Volts) is linear with respect to
ferrite concentration (see Figure 3. 14).

Before conducting experiments, the inductance probes were
calibrated to give a uniform response to a ferrite rod with a diameter
of 6.35 mm (.25 in) and a length of 152,4 mm (6.0 in). The computer
was programmed to print out voltage values for all 64 probes while the
ferrite rod was held adjacent to each individual probe. Once these
voltages were known (along with '"'zero'' reference voltages), a range
of sensitivity was determined for each probe. These sensitivity ranges
we re then scaled to a common range. Thus, all channels were com-

parable on the same basis. Scaling values for each of the 64 channels

are tabulated in Appendix B.



Fiberglass
dummy
! transfer
—;r.—— Q 0000 00000000000000000000000009 1‘ ,'ea

j tube
1200 turns of #3 4 wire

— £

| —

U e T
N

L L AT T L T T T O TeT ] ] D —

//,
/

Figure 3.12.

Inductor coil for sensing ferrite tracer in the
fluidized bed.

g¢






10 -+

AV, VOLTS

37

—
e+

Figure 3.14.

| L
4 1

5% 10 5
CONCENTRATION ( WEIGHT % FERRITE )

P
—

Calibration plot of a typical probe. Note that the
voltage change varies proportionally with concen-
tration (up to about 15 weight percent rerrite).



3.8 The Inductance Bridge Circuit

The sensitive inductance bridge circuit used for detecting ferrite
tracer is shown and described fully in Appendix C. Briefly, cne leg
of the bridge is the 0.1 Henry torroid located on the printed circuit
card; the other inductance leg is the 0.1 Henry inductor coil located
within a dummy heat transfer tube. When one volume percent of
ferrite tracer passes within the pick-up region of an inductor probe,
the inductance of the probe is increased by approxirmately one percent

(or one Volt) and this imbalance is detected by the bridge.

3.9 Data Acquisition

The inductance probe signals were sampled 40 times per second
by an analog-to-digital converter. Data was collected on all 64 channels
for approximately 10 seconds before injecting the tracer in order to
determine accurately the background or zero level for each of the
inductor coils. Then, a slug of tracer was introduced through an
injection port above the bed or, more exactly, 2.03 m (80 in) above
the distributor plate. Data was logged for another 50 seconds in runs
50-73, making a total of 60 seconds. The length of the data record
taken for runs 74-114 was increased to a total of 100 seconds.

A Nova 840 system was used for all data collection and some

processing, The CDC 3300 computer was used for more complicated
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A

analysis and lengthier calculations. A block diagram of possible com-

puter links is prowvided in Figure 3. 15,
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IV, RESULTS AND DISCUSSION

4,1 Background

In these experiments, sixty-four inductance probes were used to
measure the concentration of ferrite material as it spread throughout
the .91 mx .91 m (3 ft x 3 ft) bed. The tube array with these sixty-
four probes was shown in Figures 3.6 and 3,10, Concentration versus
time graphs have been plotted (see Figure 4.3 ) for each ot the sixty-
four data channels (connecting the probes, inductance circuits and the
computer), As mentioned in Figure 3,6, each of the sixteen dummy
heat transfer tubes contains four probes. The channels corresponding
to these four probes have been labeled A, B, C, and D on the concen-
tration versus time plots shown in Figure 4.1, which is the key to the

'"" are represented as

actual plots. Thus, the four probes in tube ''one
1A, 1B, 1C and 1D on the plots.

Collected data has been smoothed to attenuate the effect of
bubbles passing the probes, that is bubble noise.' The procedure
used to smooth the raw data collected from each probe is described
here. Step l: Choose the maximum of the first twenty raw data
points and use this value as the first ""smoothed' data point. Step 2:
Next, skip the first ten raw data points and choose the maximum of

the following twenty consecutive raw data points to be the second

"'smoothed'' data point, Step 3: Now, skip the first twenty raw data
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Concentration versus time plots (key) -
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points and choose the maximum lying in the twenty raw data points that
follow to represent the third '"smoothed' data point and so forth until
all the raw data have been smoothed. Thus, '"smoothed' data were ob-
tained for each channel by taking the maximum in a set of twenty con-
secutive raw data points and overlapping these sets of twenty by ten.
Since twenty consecutive raw data points correspond tc a half second
of data collection on an individual channel, this smoothing procedure
ignores the effects of bubble -caused signal dropouts of less than a
halt-second duration,

A significant amount of statistical noise was eliminated when a
larger number of tracer particles were used. Runs 50 to 73 were made
with large ferrite tracer particles (Ep a 3,08 mm (0.2 in)), whereas
runs T74-114 were made with finer tracer particles (d—p =~ 1,6 mm
(0. 06 in)). Since the same weight of tracer was used in both sets of
runs, the total number of tracer particles was drastically different,
The ratio of particles between the two sets was approximately sixteen
to one, Only a small number of tracer particles were detected by a
probe at any given time. Therefore, the random replacement of these
particles within the detection range of the probe caused concentration
fluctuations even after the tracer was well-mixed; this was especially
true in runs 50-73. We expected these fluctuations to be described by
Poisson statistics, i.e. the standard deviation of the number of detected

narticles should be the square root of the mean (or average) number of
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detected particles. It follows that with sixteen times as many particles,
the standard deviation in the number of detected particles should in-
crease by a factor of four. However, since there were sixteen times
as many particles, the relative fluctuation, which is equal to the
standard deviation divided by the mean, should decrease by a factor of
four. Thus, there was four times as much noise due to particle re-
placement in Runs 50 to 73 as there was in runs 74 to 112. In fact,
most of the noise in runs 50 to 73 was caused by random particle re-
placement. This conclusion was based on the following simple experi-
ment. We repeated run 70 (see run 73) using only one-quarter the
amount of tracer and renormalized the measured response by multi-
plying by four. The relative noise was found to increase by approxi-
mately a factor of two -- which was consistent with the hypothesis.

Fifty-eight experimental runs were made in the .91 mx .91l m
(3 ft x 3 ft) test facility using 102 mm {4 in) tube spacing and EI-16
sand (Ep & 0.8 mm (0.03 in)). The superficial gas velocities ranged
from 1,52 rn/s (5 FPS) to 3.35 m/s (11 FPJ), while the distance
between the distributor plate and the bottom of the tube array was set
at either .254 m (10 in) or . 508 m (20 in). The bed inventories used
were 907 Kg (2000 1bs), 1134 Kg (2500 lbs) and 1361 Kg (3000 1lbs).
As mentioned previously, runs 50-73 were conducted with 5. 08 mm
(0.20 in) ferrite tracer cubes, whereas runs 74-114 were made with

1.6 mm (0,06 in) diameter tracer.
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Three fine sand (EI-70 , Ep o 0.17mm (.0068 in) )}, runs were
made at superficial gas velocities of 0.30 m/s (1 ¥PS) and 1.22 m/s
(4 FPS). The heights of the tube array above the distributor plate and
the tube spacing were the same as those used for the EI-16 sand
experiments. However, only 907 Kg (2000 1lbs) of bed media was used
in each of these fine particle runs. These runs were more difficult to
perform than others because of excessive elutriation. As much as
640 Kg (1400 1lbs) of sand was entrained into the cyclones at higher gas
velocities ( > 1.52 m/s {5 FPS)).

Qutput from one particular channel has been enlarged and des-
cribed in Figure 4.2. Sixty-four such plots of channel outputs are
shown for each run (see Figure 4.3). Observations and descriptions
precede the page of plots for a particular run. The quantities follow -
ing an observation run number are: the height of the tube array above
the distributor plate (m), the weight of sand used in the bed (Kg) and
the superficial gas velocity (m/s). The run numbers referred to in
parentheses are runs made at the same three conditions. Table 4.1
shows the experimental conditions of each particular run.

Several terms, which are used frequently in the text of the ob-
servations, will be described here along with a few comments for
future reference.

(1) Rise time: Channels that don't have peaks are character-

ized by rise times (or lag times). Essentially, the rise
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Figure 4.2. Typical output from a channel.

Output from the channel shown above has been divided into three major parts:

I. the A region, which consists of background or reference data on
concentration values taken before injection of tracer,

I1. the peak, which corresponds to a large clump of tracer passing
the probe at that particular instant,

IIT. the B region, which is the relatively well-mixed regime (i.e.,
tracer concentration varies about a constant average concentration}.

Note: The concentration scale is measured in data units. Usually the
ordinate (concentration) ranges from zero to 200 data units. There are
0.05 volts per data unit. Thus, the ordinate ranges from 0 to 1 volt.
It is important to remember that a volt is approximately the same as one
volume percent tracer in the vicinity of the probe.




Run

Number

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

Table 4.1

SUMMARY OF EXPERIMENTS

Sand Size:

Tracer Size:

Tube Spacing:

Weight
kg

of sand
(1b)

907
907
907
1134
1134
1134
1134
1361
1361
1361
1361
1361
1361
1361
1361
1134
1134
1134
1134
907
907
907
907
907

(2000)
(2000)
(2000)
(2500)
(2500)
(2500)
(2500)
(3000)
(3000)
(3000)
(3000)
(3000)
(3000)
(3000)
(3000)
(2500)
(2500)
(2500)
(2500)
(2000)
(2000)
(2000)
(2000)
(2000)

EI-16 (5;:: 0.3 mm (0.03 in))
dpﬁ# 5.08 mm (0.20 1in)
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0.12 m (4 in)
Height of Array Superficial
Above Distributor Gas Velocity

m (in) m/s (ft/s)

.254 (10) 2.13 (7)

.254 (10) 2.74 (9)
254 (10) 3.35 (11)
254 (10) 1.52 ( 9)
.254 (10) 1.98 (6.5)
.254 (10) 2.74 ( 9)
.254 (10) 3.35 (11)

, .254 (10) 1.52 ( 5)
254 (10) 2.13 (7)
.254 (10) 2.74 ( 9)
254 (L10) 3.35 (11)
.508 (20) 3.35 (11)
.508 (20) 2.74 (9
.508 (20) 2.15 (7
.508 (20) 1.52 ( 5)
.508 (20) 1.52 ( 3)
.508 (20) 2.13 (7)
.508 (20) 2.74 (9
.508 (20) 3.35 (1)
.508 (20) 1.52 ( 5)
.508 (20) 2,13 (7
.508 (20) 2.74 (19)
508 (20) 3.35 (11}
.508 (20) 2.13 (7



Table 4.1 (continued)

SUMMARY OF EXPERIMENTS

Sand Size: EI-16 (dp 2 0.8 mm (0.93 in))
Tracer Size: dp ~ 1.6 mm {3.06 in)
Tube Spacing: 0.102 m (4in)
Height of Array Superficial
Run Weight of sand Above Distributor Gas Velocity
Number 2 kg (1b) m (in) m/s (ft/s)
74 907 (2000) .508 (29) 0.91 ( 3)
75 907 (2000) .508 (29) 2.13 (7)
76 907 (2000) .508 (20) 1.52 ( 5)
77 907 (2000) .508 (20) 3.35 (11)
78 907 (2000) .508 (20) 2.74 ( 9)
79 1134 (2500) .508 (29) 1.52 { 3)
80 1134 (2500) . .508 (20) 2.13 (7
81 1134 (2500) .508 (20) 2.74 (9)
82 1134 (2500) .508 (20) 3.35 (11)
83 1361 (3000) .508 (29) 1.52 ( 5)
84 1361 (3000) .508 (20) 2.13 ( 7)
85 1361 (3000) .508 (29) 2.74 (9)
86 1361 (3000) .508 (20) 3.35 (11)
87 907 (2000) .508 (292) 0.30 (1)
88 1361 (3000) .254 (1) 1.52 ( 5)
89 1361 (3000) .254 (1) 2.13 ( 7)
90 1361 (3000) .254 (1) 2.74 ( 9)
91 1361 (3000) .254 (19) 3.05 (10)
92 1134 (2500) .254 (1) 1.52 ( 5)
93 1134 (2500) .254 (10) 2.13 ( 7)
9s 1134 (2500) .254 (19) 3.35 (11)
96 907 (2000) .254 (10) 1.52 ( 5)
97 907 (2000) .254 (10) 2.13 ( 7)
98 907 (2000) .254 (10) 2.74 ( 9)
99 907 (2000) 254 (19) 3.35 (11)
102 1134 (2500) .254 (19) 1.52 ( 5)
103 1134 (2500) .254 (10) 2.13 ( 7)
104 1134 (2500) .254 (19) 2.74 ( 9)
105 1134 (2500) .254 (10) 3,20 (10.5)
106 907 (2000) .254 (19) 1.52 ( 5)
107 907 (2000) .254 (10) 2.13 ( 7)
108 907 (2000) .254 (1) 2.74 ( 9)
109 907 (2000) .254 (17) 3.35 (11)
110 1134 (2500) .508 (22) 1.52 ( 5)
111 1134 (2500) .508 (20) 3.35 (11)
112 1361 (3000) .508 (20) 1.52 ( 5)
113 907 (2000) 254 (19) 0.30 (1)
114 907 (2000) .254 (12) 1.22 ( 4)

Runs 87, 113 and 114 were conducted with EI-70 sand
(dp:z 0.17 mm (.0068 in))



(2)

(3)

(6)

49
time is the time it takes one of these '"peak-less' channels
to attain its final concentration value, i.e., its quasi-

equilibrium state.

Overall mixing time (OMT) is the time required for all

channels to register their average final or "equilibrium"
values. More precisely, it is the time for the slowest or
worst channel to fall within the noise band about the equili-
brium concentration. ' Thus, this is a worst case measure
of mixing.

The right and left sides of the bed are the same as the right
and left columns of plots, respectively., Sometimes refer-
ence is made to the front and back of the bed. The front is
the left column of plots (i.e., tubes 1, 5, 9 and 13) and the
back is the right column of plots (i.e., tubes 4, 8, 12 and
16).

The tracer injection port is located above and between

channels 1A and 2A.

The interior of the bed is defined to be channels B and C on
probes 2, 3, 6, 7, 10, 11, 14 and 15,

Two different ordinate scales were used for plotting the
runs., The single scale (which was used for runs 50-73,
81, 84, and 85) has a maximum ordinate of 200 data units

or 1.0 Volt. The double scale (which was used for runs




(7)

(8)
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74-80, 82, 83 and 86-114) has a maximum ordinate value

of 100 data units, i,e. 0,5 Volts.

Malfunctioning channels were usually omitted from the data
and subsequent data analysis.

The time scale (abcissa) of each of the 64 plots ranges from
0 to 100 seconds for runs 74-114 and 0 to 60 seconds for

runs 50-73.
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4.2 Observations

Run 50: .254 m (10"), 907 kg (2000#), 2.13 m/s (TFPS),

(see runs 97 and 107)

1. It appears that the pulse of tracer moves mostly along the
wall opposite the injection port,

2. The tracer clumps tend to persist longer in run 50 than in
the finer tracer runs conducted under the same conditions
{ runs 97 and 107).

3. Run 50 shows more noise ( Poisson) than runs 97 and 107,

4, Rise times are comparable in all three runs with a maximum
at channel 16A of 10 to 12 seconds.

5. Bubbles seem to avoid the left side of the bed in-all three
runs. A dense solid phase in this region must be typical of

these conditions.
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Run 51:

53
.254 m (10"), 907 kg (2000#), 2.74 m/s (9FPS),
( see Runs 98 and 108)
Mixing is much faster in this run than in run 50, The only
peaks occur in channels 1D, 2D and 5D.
The same general pattern of mixing exists, though, Tracer
moves down the side of the bed faster than it disperses
toward the interior of the bed.
Runs 98 and 108, which are at the same conditions, show a
clump of tracer moving down the right side of the bed. In
all three runs, bubbles are concentrated at the bottom of the
bed and in the interior. Also, these runs indicate a dense

region about tube 9.
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Run 52:

55
.254 m (10"), 907 kg (2000%), 3.35 m/s (11FPS),
{see Runs 99 and 109)
Tracer was able to spread about the top of the bed.
Peaks are much smaller at this high velocity.
Tracer seems to be fairly well mixed by the time it sifts
down to the second row of tubes.
High average concentrations exist in the center of the bed
after about 25 seconds. Apparently the tracer has gone down
the walls of the bed and then back up the center (but at a
slower rate--therefore causing accumulation as seen in
channels A, B, C and D of tubes 10, 11, 14 and 15).
Runs 99 and 109 ( which were conducted under the same con-
ditions) have about the same rise times in the bottom of the
bed as Run 52. The 3 runs show slightly different behavior
in the top two rows of probes. Run 99 has definite spikes at
the injection point (2A and 1A), whereas runs 52 and 109 have
only small peaks which are on the other side of the bed (the
"D'" side). This lack of replication is inherent in the mixing
process.

Bubble data appears to be the same in all three runs.
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Run 53:

57
.254 m (10"), 1134 kg (2500#), 1.52 m/s (5FPS),
{ see Runs 92 and 102)
The tracer appears to move quite rapidly down the sides. A
pulse appears on channel 9B, C and 13B, C at the same time
it appears at the top of the bed (1C). This clump of tracer
slipped down the wall and avoided detection until it reached
Channel 9C. A similar clump exists in the subsequent reruns
under these same conditions (runs 92 and 102).
Bubble movement occurs mostly in the interior and along the
right side of the bed in all three runs (92, 102, 53). A dense

phase of solids is seen by channels A, B, C and D in Tubes 1,

5 and 9.
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Run 54:

59

.254 m (10"), 1134 kg (2500%), 2.13 rn/s {7EPS),

(see Runs 93 and 103),

This runs shows more persistent clumps of tracer than its
counterparts (runs 93 and 103). Again, this is probably a
coincidence, which indicates a lack of reproducibility in the
mixing process.

The rise times are about the same in all three runs. Mixing
times are also about equal.

Channel 9, in all three runs, indicates that a dense solid
region exists. Run 54 does not show this effect nearly as
much as runs 93 and 103, Bubble movement is virtually the

same for all three runs in other regions of the bed.
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Run 56;

61
.254 m (10"), 1134 (2500#), 3.35 m/s (11FPS),
(see Runs 95 and 105)
Bubble movement is about the same in all three runs (95,
105, 56), except around channels 9A, B, C and D. Run 95
shows a dense phase of solids in this region, whereas runs
56 and 106 are more uniform throughout the bed.
Clumps are virtually absent in these runs, except for some
small spikes about the point of injection.
Rise times are fairly uniform throughout all three runs,

Thus, the overall mixing times of these runs are equal,
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Run 57:

63
.254 m (10"), 1361 kg (3000#), 1.52 m/s (5FPS),
(see Run 88)
The dense phase shown in channels 1, 5 and 9 of run 88 is
not apparent in this run. Much of this effect is due to the
Poisson noise superimposed on the data of run 57.
Again, some tracer has avoided detection by probes 5 and 9
and then appears in channels 13B and 14B.
The right side of the bed has an absence of peaks or clumps
as is the case with run 88.
Mixing at the bottom is sluggish compared with the top as a

comparison of rise times demonstrates.
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Run 58:

65

.254 m (10"), 1361 kg (30004), 2.13 m/s (7TEPS),

(see Run 89)

As in run 89, tracer is fairly well mixed by the time it
reaches the array.

The rise times of both runs are comparable.

Bubbles are well dispersed at the bottoms of both beds.
Along tube 9, run 58 doesn't register a dense phase as run
89 does. Again, this effect is probably due to Poisson noise.
Mixing appears to be slower on the sides of the bed than in

the middle of the bed.
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Run 59: .254 m (10"), 1361 kg (3000#), 2,74 m/s (9FPS),
(see Run 90)
1. Not as many clumps appear in this run as in run 90,
2. Rise times vary a bit from channel to channel in these runs.
Overall mixing time is about the same, though.
3. In run 90, channels 8 and 9 show dense solid phases. These
are not seen in run 59, This is probably due to Poisson

"noise. "
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Run 60: .254 m (10"), 1361 kg (3000#), 3.35 m/s (1IFPS),
{see Run 91)

1. Peaks appear near the point of injection, whereas in run 90
they are seen in channels 4A and B. This could be the result
of larger tracer particles.

2. Again, the dense regions around tubes 8 and 9 in run 91
don't show up in run 60.

3. Rise times for each channel vary between these runs.

Overall mixing time is about the same in both beds, though.
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Run 61:

71

.508 m (20"), 1361 kg (3000%), 3.35 m/s (L1FPS),

(see Run 86)

Rise times are about the same in both runs, Their overall
mixing is also approximately equal.

Although clumps appear in different channels for each run,
their sizes are roughly equal. Therefore the clump dis-
appearance time is about the same for both runs. Again,
for the heavier tracer particles the clumps appear right
below the port of injection, whereas the clumps of smaller
tracer particles first appear at the back (or right side) of
the bed.

The effect of Poisson noise is evident in these two runs,
Bubbles seem to move in the same areas in both runs, i.e.
more freely in the interior than along the sides. The '""D"

side of the bed inhibits movement the most.
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Run 62:

.508 m (20"), 1361 kg (3000%4), 2.74 m/s (9FPS),

(see Run 85)

Rise times are similar in each run.

Many peaks are the same (2A, 5A). Mixing times are
approximately equal in both runs.

Circulation of solids is similar to that in run 85.
Bubble data is obscured by Poisson noise in this run.

Bubbles move freely abait the bed.
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Run 63: .508 m (20"), 1361 kg (3000#), 2.13 m/s (TFPS),

(see Run 84)

1. Peaks are virtually absent. In run 84, some large peaks
appear at the point of tracer injection (1A, ZA).

2. Rise times are about equal in both runs. Thus, the overall
mixing time is the same.

3. Compare channel 6A to its neighbors in both runs. It seems
to be out of calibration in Run 84.

4, Circulation of tracer and bubbles seems about the same in

both runs.
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Run 64:

77
.508 m (20"), 1361 kg (3000#), 1.52 m/s (5FPS),
{(see Run 83)
Channel 10D is malfunctioning.
In both runs, corner flow is accentuated. The tracer falls
down the corner adjacent to the injection port and down the
walls. It then catches on upward current at the bottom of the
bed and moves upward in the interior of the bed.
Bubbles are concentrated more in the interior and right side
of the bed in run 84. On the left side of the bed, bubbles are
either smaller (not large enought to cause as much noise) or
scarcer. These effects are obscured by Poisson noise in
run 64.

Rise times and mixing in both runs are comparable.
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Run 65:

79
.508 m (20"), 1134 kg (25004), 1.52 m/s (5FPS),
(see Run 79)
Clumps of tracer seem to persist longer in Run 79 than in
Run 65. Only a couple of small peaks appear in the bottom
three rows of probes (see 5A, D). This seems to indicate
that small particles move differently than the large particles,
The rise times or lags in run 65 are greater than those in
run 79, which indicates poor mixing in the bottom of the
bed.
Solids tend to move down the corners and sides of the bed,
whereas bubbles prefer the center of the bed.
The overall mixing time is approximately the same in both

runs.
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Run 66:

.508 m (20"), 1134 kg (25004), 2. 13 m/s (TFPS),

(see Run 80)

Peak disappearance or clump dispersion time is about the
same in both runs.

Rise times appear a bit longer in Run 66 than those in Run
80 (see channels 16A, B, C, D).

Fluctuations from bubbles are more pronounced in the
bottom and center or interior regions of these beds.
Tracer moves down the corner adjacent to the injection
port.

Overall mixing times in both runs are comparable.
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Run 67:

10

83
.508 m (20"), 1134 kg (2500%), 2.7¢ m/s (9FPS),
(see Run 81)
Clumps disappear rapidly in both runs. No clumps make it
past the second row of probes, except 10A, Run 67.
In the top row of probes tracer appears to move laterally
against the tubes more readily than along the tubes, It
definitely prefers to move along the walls as opposed to the
interior,
Bubbles seem to move uniformly throughout the bed. They

are smaller and more uniform in the bottom of the bed.
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Run 68: .508 m (20"), 1134 kg (2500%), 3.35 m/s (LIFPS),
(see Run 82).

1, Peak disappearance time is more prolonged in this run than
in the smaller~tracer run, number 82,

2., Also lag times appear a little bit worse in this run than in its
counterpart. See channels 16A, B and C, especially. This
is probably due to the difference in movement between large
and small particles,

3. Bubbles are evenly dispersed throughout the bed.
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Run 69: .508 m (20"), 907 kg (2000#), 1,52 m/s (SFPS),

(see Run 76)

1. Sluggish mixing exists in both of these runs.

2. It appears that the top row of probes in run 69 is mostly
out of the bed and in the freeboard,

3». Bubbles move freely in the interior regions of the bed. The
diffe rence in concentrations in the top row of tubes of runs
69 and 76 is due to the fact that small particles are more
readily entrained in the freeboard than large ones,

4. ILag times are roughly the same in both runs,
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89
Run 70: .508 m (20"), 907 kg (2000#), 2.13 m/s (7TFPS),
(see Run 75)

1. Clumps manage to make it to the bottom of these beds before
dispersing. Mixing has improved significantly in these runs
over that observed at 5 FPS,

2. Bubbles movement is relatively uninhibited in the interior
of the bottom 2 rows of probes. There may well be a dense
phase near the walls as is evident in run 75,

3. Lagtimes are generally longer in run 70 than those in run 75.
This may be due to the fact that in run 75 the lighter tracer

spreads across the top of the bed more rapidly.
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Run 71: .508 m (20'"), 907 kg (20004#), 2. 74 m/s (9FPS),
{same as Run 78)

1. In this run tracer clumps are detected below the second row
of probes, whereas in run 78 they have been essentially
eliminated. Tracer movement is better across the top in
run 78,

2. Lag times in these two runs are about the same. In general,
overall mixing time is also equivalent,

3. Bubbles are evenly dispersed in the interior of the bed at

each particular level.
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Run 72: .508 m (20"), 907 kg (2000#), 3.35 m/s (11FPS),

{see Run 77)

1. Mixing is quite rapid in both of these runs. Lag times com-
pare favorably in both,

2, Clumps disperse at about the same rates in these runs.

3. Bubbles populate the bottom two rows of probes uniformly
with the exception of 10A and D. However, in the upper
portion of these beds, bubbles seem to move preferentially

in the interior.
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Run 73: .508 m (20'"), 907 kg (2000#), 2.13 m/s (TFPS),
(see Run 70)
The conditions of this run were the same as run 70, except only
one-quarter as much tracer was used. The relative noise was found

to increase by a factor of two, which was consistent with our Poisson

model.
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Run 74: .508 m (20"), 907 kg (2000+%#), . 91 m /s (3FPS)

1. At this low velocity, the peaks are very large and mixing is
quite slow.

2. Since only 2000# of sand is used and the array is in the 20"
position, the upper row of tubes (1, 2, 3, 4) don't see very
much tracer (just a few small spikes at the beginning of the
run), These tubes are out of the bed and in the freeboard.

3. Tracer seems to clump together for about ten seconds along
the wall as seen in channels (9D, 10D, 11D).

4, The rate at which the tracer falls down the side of the bed
(the side opposite the tracer injection port) seems to decrease
as a comparison between channels (9D, 10D, 11D) and (13D,
14D, 15D) demonstrates.

5. All clumps of tracer seem to disappear after about 25
seconds., The channels showing the slowest mixing are 9D,

10D, 11D.



!Ui_u;. JEh I S T
‘L TS PR | - -
'i b “\WW r ettt
gt | vl | [t | e
| i | oty Ll | e
ke % T
’1{ RO k \W‘\-ﬂw \W.Ww ] [ﬂ Ay
T e | |
T T | w*‘“‘*‘““

98

et rLb:’”Mi [T AT

T Jl‘m“""”‘"‘ﬂ" }MW V’T‘Wv‘“’”
‘\ %W\JUWW MH’”"’M
T R e | 2

Figure 4.3. (Continued)



Run 75:

-508 m (20"), 907 kg (20004), 2.13 m/s (7TFPS),

{see Run 70)

The highef velocity accounts for the more rapid mixing in
Run 75 when compared to Run 74.

The clumpiness of the tracer has been greatly reduced as
can be seen by the areas under the pulses or spikes, All
tracer pulses or peaks disappear within 12 seconds of its
injection into the bed (channel 10A controls this rate).
The tracer seems well mixed by the time it reaches the
bottom row of probes, i,e,, peaks are absent.

Lateral mixing seems a bit faster than axial mixing.
Lateral mixing along the tubes seems better than against
the tubes. Compare channels 9D, 10D, 11D ("against'')

with 9B, C, D ("along'').
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Run 76:

101

.508 m (20"), 907 kg (2000#), 1.52 m/s (S5FPS),

(see Run 69)

The areas underneath the peaks resemble those at 7 FPS
more closely than those at 3 FPS. Therefore, the rate of
mixing is not necessarily related to the velocity in a linear
or proportional manner. It is probably related to the velo-
city taken to an exponent greater than one.

Initially the tracer sifts down the side of the bed at a greater
rate than it moves across the bed.

After complete mixing, it appears that some tracer has
accumulated. (see Channels A and D on tubes 6, 7, 10, 11)
Channel 6A is either way out of calibration or has a lot of
tracer around it--every run has this problem. It could be
a pinch point, as it is similar to its neighbors.

Clumps seem to disappear in about 5 seconds around the
sides of the bed. Those in the vicinities of 5D, 6D and 9D
persist the longest. Interior channels seem to have a rise

time of about 20 seconds (see channel 7B).
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Run 77:

103

.508 m (20"), 907 kg (2000#), 3.35 m/s (11FPS),

(see Run 72)

At this high velocity the tracer appears to hit the top of the
bed and drift to the side opposite the injection port.

Channels 6D, 7D, 8A, B, C, D seem to indicate that very
few bubbles or voids exist along the sides of the bed. In the
interior of the bed (Channels B and C of tubes 2, 3, 6, 7, 10,

11, 14, 15) much more bubble noise or oscillations on the

plot are seen.

The tracer has moved over the tubes in cross flow to the
back of the bed. It then appears to move down the sides of
the bed and up the center.

All tracer is well mixed by the time it reaches the third row
of probes (i.e., 9, 10, 11, 12).

It takes approximately 15 seconds for the tracer to reach the

interior probes (see channels 6B, 7B) as compared to 12

seconds for the wall probes (see channels 5B, 8B).
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Run 78:

105
.508 m (20M), 907 kg (2000#), 2.74 m/s (9FPS]},

{see Run 71)

Again the tracer is driven in crossflow against the tubes to
the back wall of the bed where tube 4 is. From here it
moves down’the wall at a greater rate and it moves toward
the interior of the bed. It appears that the tracer reaches
interior channels such as 6B, C and 7B, C as much as 5§
seconds later than it passes wall channels like 5A, B, C, D
and 8A, B, C, D.

All tracer is mixed by the time it reaches the third row of
tubes (i.e., 9, 10, 11, 12).

The time for the last clump of tracer to mix after its intro-

duction is about 10 seconds (see channels 8A, 11A).
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Run 79:

107

.508 m (20'"), 1134 kg (2500#), 1.52 m/s (SFPS),

(see Runs 65 and 110)

Tracer mixing seems fairly sluggish in that it takes 20
seconds approximately for the last clump to disappear. This
last clump is around channel 9A,

With a higher inventory of sand in the bed, the tracer has
time to cross the bed even at this low velocity. This would
explain the peaks in channels 4A, B, C and D.

The higher inventory of sand gives better spreading or mixing
of tracer than is found in Run 76,

It appears that tracer slides down the back and front walls

of the bed (parallel to the tubes) faster than it moves down
side walls (normal to the tubes),

The tracer movement appears to be down the walls and up
the interior of the bed.

There appears to be a higher average voidage in the middle
of the bed (especially at the top) than along the walls, A
comparison of channels 6D and C or 7D and C or 11D and C
will readily show this fact. D channels, of course, are wall

channels, whereas C channels are interior channels,
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Run 80: .508 m (20"), 1134 kg (2500#), 2. 13 m/s (TFPS),
(see Run 65)

1, The time required for disappearance of clumps is approxi-
mately 17 seconds as can be seen on channel 10A,

2. Tracer moves across the tubes and drops down the wall in
clumps. It disappears by the time the last row is reached,

3. Transport across the tubes appears faster than along the
tubes.

4. It appears that movement down the sides of the bed is faster
than into the interior for the first two rows of probes, but
for the last two rows, tracer movement seems to be about
the same. This observation helps substantiate the claim that

tracer goes down the sides and up the middle or interior of

the bed.
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Run 81: .508 m (20'"), 1134 kg (2500#), 2. 74 m/s (IFPS),
(see Run 67)

l. Much faster mixing occurs in this run compared to that at
7 FPS. The maximum amount of time for clumps to disperse
is about 16 seconds (see channel 3D).

2. No peaks (or clurﬁps) appear by the time the tracer reaches
the third and fourth rows of probes.

3. Slow rise times, i.e. "approaches'' to final concentrations,
in channels A, B, C, D of tubes 13, 14, 15 and 16 indicate
poor mixing in the bottom of the bed.

4, On the top row along the back wall (where the D channels
are) crossflow lateral movement predominates.

5. Again it appears that tracer circulates down the walls and
up the interior of the bed.

6. It appears that the tracer moves mostly down the right side

of the diagram, that is, along tubes 4, 8, 12 and 16.
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113
Run 82: .508 m (20"), 1134 kg (25004), 3.35 m/s (11FPS),
(see Runs 68 and 111)

1, The circulation of the tracer in this run is similar to that
of Run 81, only faster.

2, The time of disappearance of the last clump of tracer is
approximately 16 seconds (see channel 8A),

3., Comparison of the channels on tubes 8 and 7 indicate that the
tracer is moving down the side and up the middle or interior
of the bed.

4., The tracer appears to be well mixed across the top of the
bed at the beginning of the run. The only persistent clump,

as previously mentioned, is 8A,
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Run 83: .508 m (20"), 1361 kg (3000#), 1.52 m/s (5FPS),
(see Runs 64 and 112)

1, The time for dispersion ot the last clump of tracer is appro-
ximately 20 seconds as can be seen in channels 5A and 9A.

2. The tracer seems to move along the tubes while above the
probes, Then, it mostly comes down the ""A'" side of the
bed. Observe the peaks in channels 1A, 2A, 5A, 6A, 9A,

3. Except for the lag time the interior concentrations remain
fairly constant from the time of initial sensing of tracer
throughout the run. By looking at these lag times, we see
that about 30 seconds are required for complete mixing of the
tracer from the time of its injection.

4, Again, observe the enhanced dilution effect at the top of the
bed as a result of a large inventory of sand. For a compari-
son, see runs 76 and 79.

5. Lateral mixing at the top of the bed appears relatively slow
(channel 2A versus 3C),

6. The wall region appears to be mixing slowly with long rise
times. The smooth tracer curves indicate that few bubbles
exist near these probes as compared to the jagged tracer
curves in the interior of the bed (see channels 7C and D).

7. Corner flow seems accentuated in this run, Channels 1A,

5A, 9A verify this.
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117
Run 84: .508 m (20"), 1361 kg (3000#), 2.13 m/s (TFPS),
(see Run 63)

1. The clump disappearance time is about 5 seconds. This
means that the rate of mixing at 7 FPS is about twice the
rate of mixing at 5 FPS,

2. Dilution in this bed occurs even above the array as the lack
of clumps or peaks indicates.

3. It takes about 15 to 20 seconds tor the concentration along
the back wall to reach equilibrium (see probes 9B, D, 11D,
14D, 15D).

4, The tracer appears to move around the sides (see Channels
1A, B, C, D, 2A, D, 3A, D, and 4A, B, C, D), then down
all the walls and up the middle or center of the bed.

5. All tracer appears to be well mixed by the time it reaches
the second row of probes from the top.

6. At the top of the bed the tracer moves more rapidly along
tube 1 than against probes (1D, 2D, 3D, and 4D). It then in-
creases in rate of movement along tube 4, which is adjacent
to the wall,

7. Mixing appears slower at the bottom of the bed as evidenced

by long rise times. Thus, the overall mixing time is affected

by these lower channels.



117a

Run 84: continued

8. Channels 1A and 5A show the tendency of the tracer to move

rapidly down the corner.
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Run 85: .508 m (20"), 1361 kg (3000#), 2. 74 m/s (9FPS),
(see Run 62)

1. The time for disappearance of clumps is about 7 seconds.
See channel 6A. Also notice that mixing in the bottom takes
about 10 to 15 seconds as shown by the rise times on these
lower channels.

2. Again, the tracer circulates along the walls in the bed. The
solids prefer the wall regions and corner regions of the bed,
whereas the bubbles concentrate in the interior of the bed,

3., The tracer is well mixed by the time it reaches the third
row of probes. Mixing seems faster with the larger inventory
of sand (3000#) as compared to smaller inventories in Runs
78 and 81.

4. Tracer is well mixed within a few seconds across the top of
the bed. The variations in concentrations at the top dis-

appear in about seven seconds (see Channels 54, 6A, 8A),
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Run 86: .508 m (20"), 1361 kg (3000#), 3. 35 m/s (11FPS),
(see Run 61)
1, Mixing is very rapid here (see channel 7C, an obvious glitch).
2. The only peaks occur in channels 4A, C, D, and 8B, C, D
along the wall, so the tracer moves in clumps down this wall,
3, The channels in tubes 9, 10, 11 and 12 indicate that con-
siderable voidage exists in the bottom of the bed.
4, The clumps near 8A and B persist longer than those at 9
FPS. However, mixing in the bottom of the bed is faster,

with a rise time of approximately 7 seconds.
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Run 87:

123

.508 m (20'"), 907 kg (2000#), .30 m/s (1IFPS), EIT0 sand
(dp 0.17 mm (.0068 in))

This is one of three runs down with fine sand nd the results
differ dramatically from those of EI-16 sand. The tracer
moves in clumps for quite awhile due to the low velocity
required to keep EI-70 sand from elutriating,

In the top row of the tubes, channels 1B, C and 2B, C seem
to reach a uniform coz;centration level about one -half the
value of the lower rows of probes. Also, observe that the
rest of the top probes register zero concentration levels.
Evidently, low bed expansion at this reduced superficial gas
velocity is responsible for the top row of tubes being out of
the bed and in the freeboard. The unusual concentrations
observed on channels 1B, C and 2B and C must be the result
of lee stack.

There exist especially sharp peaks {or large clumps of
tracer) in the following channels: 5A, B, C, D, 6A, B, C,
7C, 11C, 9C.

Apparently, the tracer prefers to move down the "1, 5,9,

13" tube side of the bed, i.e. the front of the bed.



Run 87:

123a

continued

Smaller bubbles in the bed seem to cause the reduced bed
expansion observed. This is the reason that the top row of
tubes is in the freeboard. Also, note that at all points in the
the bed few bubbles persist for more than a half second.
Data was smoothed with a peak following filter over half-
second intervals, The‘refore, the relative infrequency of
dropouts indicates that either bubbles were small {could not

envelope a probe) or few,
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Run 88:

125
.254 m (10"), 1361 kg (3000#), 1.52 m/s (5FPS),
(see Run 57)
Since the array has been lowered to 10 inches, the top two
rows of tubes (probes) look very similar to the lower rows of
the array at the 20-~inch position above the distributor, i.e.,
both exhibit an absence of clumps or peaks.
Strangely enough, the bottom two rows show clumping or
accumulation (poor miiing) of tracer. This clumping occurs
mostly along the wall and a slight bit in the interior probes.
Check channels: 9A, B, 13A, B, 10A, D, 14A, B, The
peculiar spike in 9B and 13B is probably tracer that slid down
the wall outside the range of detection of the probes.
The time for clumps to disperse is approximately 15 seconds
as seen in channel 9A. The time for the bed to reach uni-
formity is somewhere between 20 and 30 seconds (see
channel 16A),
The whole right side of the diagram appears well mixed.
Therefore, good lateral mixing exists across the tubes and
up the center of the bed.
Mixing at the bottom of the bed is sluggish compared to the
top. Comparison of time constants or rise times and corres-
ponding driving forces will verify this fact. In addition, the

peaks on the left side of the diagram versus the slow rise



Run 88:

125a

continued

times, especially at the bottorm, show bad mixing. Compare
channels 16A and 4A,

Lateral mixing is much slower at the bottom of the bed.
Again, compare rise times at the top and bottom,

The absence of bubbles in tubes 1, 5, 9 indicate a dense

phase of the downflowing material.
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Run 89:

127
.254 m (10"), 1361 kg (3000#), 2.13 m/s (TFPS),
(see Run 58)
The tracer appears to be well mixed by the time it reaches
the tube array.
The maximum rise time is about 20 seconds as shown by
channels 16A, 15A, B, 10A, D. Therefore the overall mixing
time is also about 20 seconds at the walls,
This mixing is vastly better than that found in Runs 75, 80,
and 84 (which were all at the same gas velocity), The
greater bed inventory and lower height of the array are
responsible for this, The peaks disappear faster, but the
rise time on the bottom is about the same,
Bubbles seem fairly well dispersed at the bottom of the bed.
The channels on tube 9 indicate a dense phase in this region.
Otherwise the rest of the bed has more or less uniform
voidage.
Mixing is sluggish at the bottom of the bed. Also, mixing is
slower on the sides than in the middle of the bed as can be

shown by comparison of rise times (see channels 11B, C

and 12B, C).
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Run 90: .254 m (10"), 1361 kg (3000#), 2.74 m/s (9FPS),
(see Run 59)

1. Clump disappearance time is about 13 seconds as seen from
channels 8A and B.

2. The rise times of the interior and lower channels are rela-
tively short compared to the clump disappearance time given
above. The only ones with significant lag are 11B and D,
10B, C, D, 94, B, C, D.

3. Tracer is fairly well mixed, although some has moved across
the tubes and down the right side quickly enough to cause a
couple of peaks.

4, Again, greater inventory has resulted in better mixing as
compared to other runs at the same gas velocity (Runs 78,
81, 85).

5. It appears that bubbles move mostly in the center of the bed
(see channels B and C on tubes 2, 3, 6, 7, 10, 11, 14 and
15) and along the left side (tbues 1, 5, 13). For some rea-
son the regions around tubes 8 and 9 are more dense than

others.
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Run 91:

131
.254 m (10"), 1361 kg (3000#), 3.35 m/s (11FPS),
(see Run 60)
The peaks are sharper than those in run 90 and therefore
the clump disappearance time is slightly less. Compare
channels 4A and B.
The rise time is a bit faster at 11 FPS, See channels 16A,
B and C in run 90 and compare with run 91,
Run 86 (3000#, 20'", 11 FPS) shows much worse mixing,
which retlects the fact that the array is 10" deeper in the
bed. Compare tubes at the same height.
It appears that bubbles move mostly in the center of the bed
and along the left side. For some reason the regions around
tubes 8 and 9 are more dense with solids than others.
Channel 12 shows a low concentration but little fluctuation
which possibly indicates that the solids are flowing constantly

over the tube, but the tube is not immersed in the solids.
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Run 102: .254 m (10"), 1134 kg (25004#), 1.52 m/s (SFPS),
(see Run 92)

1. Clump disappearance time is approximately 20 seconds
(channel 9B).

2. Overall mixing time (rise times are quite fast), is approxi-
mately 15 to 20 seconds (see channel 16D).

3. Mixing seems fairly rapid, except for a clump of tracer that
slipped down along the wall and avoided detection (at tube 5)
until it reached channel 9C,

4, Bubbles prefer to move upward through the center and to a
lesser extent along the walls, Tubes 1, 5 and 9 indicate a
lack of bubbles or a dense phase.

5. Tracer appears to come down the left side and then it sweeps
back up the center, Follow Channels 1B, C, 2A, 9B, C,
13B, C, 14B, C, 15B, C, 10B, C, 11B, C on upward,

6. 3000# (Run 88) gives better results. Peaks disappear

quicker.
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Run 103;

136
.254 m (10"), 1134 kg (2500#), 2.13 m/s (TFPS),
(see Run 93)
A great deal of improvement has been attained over run 102.
Virtually all peaks have been eliminated with the exception of
one registering in channel 9B (which has a disappearance time
of about 5-7 seconds).
It appears that the rise times may be longer than those in
run 102. For example‘, compare any of the channels in the
right hand column (where this etfect seems most pronounced).
Overall mixing occurs about 10 seconds after introduction of
tracer to the bed (see channels 8B, 16C).
As can be seen from the rise times in the curves, the tracer
circulates down the sides adjacent to the injection port and
up the center, Pay special attention to the rise times as the
tracer moves up the center (i.e., 14B, C, 15B, C, 10B, C,
11B, C, 6B, C, 7B, C, 3B, C). Tracer is hardly detected
at the intermediate levels. The tracer also migrates down
the other sides and corners of the bed, but after a slight
time lag.
Notable gains in mixing are achieved as a result of increased

bed inventory. Compare this run with run 107.
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Run 103: continued

5. Bubbles seem to move mainly in the center regions. Bubble
movement is retarded quite a bit along the wall adjacent to

tube 9, which indicates a dense solid phase.
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Run 104: ,254 m (10'), 1134 kg (2500%#), 2, 74 m/s (9F PS)

At this velocity, tracer seems to clump along the right side
of the bed. About 10 seconds of mixing is sufficient to
eliminate all clumps. The persistent clumps are seen on
channels 8A, B, C and D, Mixing is not as good as at 7 FPS.
The rise times on the left side of the bed (or diagram) are
significantly longer than those on the right side and even
some of those in the interior. Compare the interior channels
10B and C with wall channels 9B and C. The maximum rise
time is about 15 to 20 seconds as channel 13C indicates,
Therefore, the overall mixing time is controlled by the rise
time,

A clump of tracer moves down the right side of the bed.
Overall mixing is still good under these conditions. But a
reduced bed inventory would not be that much worse, Com-
pare this with run 108 (10", 2000#, 9 FPS). Mixing along
the bottom in run 108 is faster,

Bubbles are concentrated in the bottom and interior of the

bed. Along the left wall, adjacent to tube 9, bubble move-

ment is significantly hindered.



Run 104:

6.

139a

continued

A restriction to solids flow must exist in the bottom of the
bed., Tubes 4 and 8 show high concentrations, whereas tube
12 (below 8) shows a low concentration of tracer. Thus,

tube 8 acts like a bottleneck to solids movement at these con-
ditions. This may account for the long rise times observed
throughout the bottom pali of the bed., Due to this bottleneck,

mixing in run 104 is worse than that in 103,



A

4}~n~:¢4ﬂhﬁ“

J{ﬂﬂﬁh*?

W

Figure 4.3.

RUN104

(Continued)

140



Run 105:

141
.254 m (10"), 1134 kg (2500#), 3.35 m/s (11FPS),
(see Run 95)
There appear to be no clumps of tracer in the bed.
Rise times seem almost uniform (within a few seconds of
each other) around the walls of the bed. For example, in
the second row compare channels 5A, B, C, D, 6A, D, 7A,
D, 8A, B, C, D. Also rise times in the center of the bed
appear almost uniforrri (see channels 14B, C, 15B, C, 10B,
C, 11B, C). Overall mixing time is about 10 seconds.
Since the rise times are so close, it is hard to distinguish a
path of tracer circulation.
This bed inventory gives somewhat better mixing than the
2000# bed of run 109,
Bubbles move freely about the bottom, interior and left side

of the bed when compared to the right side of the bed.
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Run 106: .254 m (10"), 907 kg (2000#), 1.52 m/s (SFPS),
{see Run 96)

l. Mixing is quite sluggish., Clumps move throughout the bed
before dispersing. The maximum time necessary for clump
dispersion is about eight seconds as channels 11C and 7C
indicate. Interestingly enough, both of these channels are
interior channels. So clumps are holding together even in
the upswing through the center of the bed. These interior
peaks are not as pronounced in run 76 (20", 2000#, 5 FPS),
which may indicate good mixing under the array.

2. Rise times are relatively quick compared to those of Run 76
for the left side of the bed. The opposite case holds for the
right side. About 7 or 8 seconds are required for the slowest
channel (13A) to reach its final equilibrium concentration,

3. Circulation of tracer seems more random under these condi-
tions. It appears to move down the sides of injection and up
through the center,

4, Bubbles are sparse along the left side (tubes 1, 5 and 9),
which indicates a dense region of solids. Concentration of

bubbles along the bottom of the bed is fairly uniform.
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Run 107;

l-

147
.254 m (10"), 907 kg {20004), 2.13 m/s (7FPS),
(see Run 97)
A couple of clumps of tracer manage to avoid detection until
they reach the lower part of the array, They appear to move
up the center of the array. (see channels 13B, 14A, B, C,
15B, C, 10B, C).
Mixing is considerably better here than in Run 106 (at 5 FPS).
The time required for clumps to disappear is about 5 to 10
seconds (14B). The maximum rise time (channel 16A) is
approximately 10 to 12 seconds. Clumps are smaller though,
As usual, bubble concentration in the bottom of the array is
fairly uniform, As the bubbles move up the bed, they
migrate toward the center. The left side shows a lack of
bubbles or a dense phase of solids,
The long rise time of channel 4 indicates that vertical mixing

is better than lateral mixing,
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Run 108:

150
.254 m (10"), 907 kg (2000#), 2.74 m/s (9FPS),
(see run 98)
In comparison with run 107, the clumps are smaller but per-
sist longer. Therefore, mixing is not greatly enhanced at
this higher gas velocity, Clumps have moved to the right
side of the bed.
Rise times are slower at the bottom of the bed compared to
run 107, Throughout the rest of the bed they are roughly
equal,
Circulation in the bed is complementary with that in run 107,
i.e., tracer falls down the right side and up the center of the
bed.
More bubbles exist along the left side of the bed because of
a higher superficial gas velocity. The concentration of
bubbles in the center of the bed is greater than that about the

sides and corners of the bed.
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Run 109:

153
+254 m (10"), 907 kg (2000%), 3.35 m/s (L1FPS),
(see run 99)
Mixing is quite fast., The only peaks or clumps are detected
by channels 1D, 2D and 3D, These are small and require
just 3-6 seconds to disperse. Within 10 seconds mixing is
complete (bottom probes).
Clumps of tracer appear to shoot across the bed in the first
instants after injection of tracer. No clumps are able to sift
below the top row,
Vertical mixing along the walls (1D to 5D and 2D to 6D)
seems better than lateral mixing along the tubes (lA to 1D
and 2A to 2D),
Bubbles seem well dispersed throughout the bed.
Again, observe the "pinch effect' or bottleneck about tube 8

which causes lower concentration of tracer around tube 12,
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Run 110: .508 m (20"), 1134 kg (2500#), 1.52 m/s (SFPS),

(see Run 79)

Mixing in this run is slightly better than run 106 (2000#) as
a result of increased bed inventory,

Clump disappearance time is about 10 to 15 seconds (5A and
6A). Rise times are relatively quick (channel 7A controls).
These results compare favorably with run 79 (same condi-
tions).

Bubbles seem well dispersed throughout the bed.

Vertical mixing is much better than horizontal mixing.
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Run 111: .508 m (20'"), 1134 kg (2500#), 3. 35 m/s (11FPS),
(see Run 82)
1. This run is quite similar to run 82. In both runs channel 8A
is the location of the most persistent clump of tracer,
2. The rise times are approximately equal in both runs,
3., Therefore, the overall mixing times are the same in both

runs,
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Run 112: .508 m (20"), 1361 kg (3000#), 1.52 m/s (SFPS),
(see Run 83)

1. There seems to be considerably more noise in this run than
in run 83. Othe rwise, the beds exhibit the same general
characteristics,

2. The rise times are roughly equivalent in both runs. So, the

overall mixing times are about the same.
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Run 113:

162

.254 m (10"), 907 kg (2000#), .3 m/s (1IFPS), EI-70 sand
(dp 0.17 mm (. 0068 in))

This run differs from run 87 only by the height of the tube
array above the distributor plate {(10'"). The array is now
totally immersed in the bed media.

The concentration peaks are not nearly so sharp and high as
those found in Run 87. Evidently, the tracer has some time
to disperse before bei£1g detected by the probes,

As in Run 87, clumps of tracer seem to persist during their
upswing through the center region (channels B and C on
probes 2, 3, 6, 7, 10, 11, 14, 15) of the bed.

Again, it appears that the tracer prefers to move down the
"1, 5, 9, 13" tube side of the bed after injection.

Bubbles appear to be small and few as seen by the relative

infrequency of dropouts in the data.
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Run 114:
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.254 m (10"), 907 kg (2000#), 1.22 rn/s (4FPS), EI-70 sand
(dp 0.17 mm (. 0068 in))

A significant improvement in mixing has been realized in this
run. The velocity of 4 FPS is fully responsible for this
improvement as comparison with runs 87 and 113 will readily
demonstrate,

Peaks of tracer are virtually absent.

Comments for runs 87\and 113 regarding bubbles are also

applicable here.

Channel 12A was eliminated due to an electronic malfunction.
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4.3 Closure: Conclusions Based on Observations

At high superficial gas velocities {2.74 m/s (9 FPS) and 3. 35
m/s (11 FPS)) the tracer disperses rapidly throughout the bed, i.e.
after eight to twelve seconds the tracer is fairly well distributed.
Generally, the tracer appears to circulate down the sides and corners
and up the middle or interior of the bed. The time of mixing seems to
be somewhat better in the axial direction than in the lateral directicn.
Mixing is considerably slower at lower velocities.

The mass of bed media has a direct effect on mixing. As more
media is added, faster mixing seems to occur. For example, when
u, =2.13 m/s (7 FPS) and the height of the tube array above the
distributor plate is .254 m (10 in), the tracer mixes much faster in
1361 Kg (3000 lbs) of sand than 907 Kg (2000 lbs) of sand, This con-
clusion is a bit misleading because there is more material above the
tube array in the 1361 Kg (3000 lbs) bed and the ferrite tracer has
more time to mix before reaching the probes.

Only three runs were done with finer bed media (EI-70 sand) due
to problems with excessive elutriation. The successful runs indicate
sluggish mixing at 0.3 m/s (1 FPS), but significantly better mixing at
1.22 m/s (4 FPS)., It's possible that fine bed media promotes mixing

to a greater extent than course bed media. Not enough data were taken

to verify this hypothesis, though.
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It seems evident that more numerous small tracer particles help
eliminate the Poisson noise found in the earlier large tracer particle
runs, In addition, small particles appear to move differently than
large particles at low fluidizing velocities. This latter observation
was brought up in the discussion of run 79 and run 65.

The inductance probes yield qualitative information about bed
behavior. Bubble frequencies can be estimated from the raw data
since the ferrite concentration and probe output briefly decrease as a
bubble passes by. Thus, it is possible to qualitatively determine the
degree of fluidization or mixing (which is a function of the number and
size of bubbles) in different regions of the bed by the relative bubble
frequencies, i.e. the signal dropouts, even from the '"smoothed’ data,
Based on this criteria, one can readily distinguish three distinct
regions of mixing. At the bottom of the tube array mixing is fairly
uniform. Along the walls, bubble frequency and, hence, mixing is
less; while in the center region the bubble frequency is generally the
greatest, Thus, bubble-caused mixing is best at the center (or interior)
of the bed. Schugerl's assertion [ 38] that the wall and center regions
are distinct due to a low intensity of radial mixing is in accord with

these findings.
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V. UNSUCCESSFUL ANALYSIS AND MODELING EFFORTS

Various models were considered in an attempt to understand and
characterize the dispersion of tracer in the .91 m x .91 m (3 ft x 3ft)
fluidized bed. Initially, we contemplated writing a computer program
which would follow the path of a simply connected volume (e.g., a box
formed by a group of four probes) containing eighty percent of the
tracer., This volume would expand with time because of tracer disper-
sion. In conjunction with this model, the tracer center of mass could
be tabulated in terms of position and time, Eventually, we reverted to
a more pertinent and concise version of this model referred to as the
histogram approach, which is described in chapter six.

The Einstein random-walk model was considered next. The

modelling equation is:

(AZ)Z = 3D (at)

where (AZ)2 is the mean, square distance travelled by a tracer particle
over a time interval (At) and D is the overall dispersion coefficient
(with dimensions, Lz/t). This model is crude and, therefore, only
yields an order of magnitude approximation of the dispersion coefficient.
Since our bed has many tubes and relatively close walls compared to

the distance between parallel walls in large -scale combustors, we

decided that boundary effects (or reflecting barriers) would greatly
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detract from even an order of magnitude estimation of D, the disper-
sion coefficient, Thus, we were compelled to discard the Einstein
random-walk model.

A compartmental flow model developed by Chang and Fitzgerald
[7] was our next approach, This model represents flow or nonflow
(batch) systems in terms of well-mixed compartments with inter-
comparmental flows. Since measured tracer mass was not conserved
within the tube array during a run (especially during the transient
period - see mass balance plots in chapter six), this model was not
viable. Bed media, i.e. sand and tracer, was always above and below
the tube array as well as within it. Sometimes, due to noise and
fluctuations, a material balance was not satisfied even when the bed
was considered well-mixed. This lack of a material balance also
ruled out any modelling efforts using the two-stirred tank model dis-
cussed in chapter two. In summary, if the probes had detected tracer
in all regions of the bed, a material balance would have been satisfied
and these two models could have been used.

Finally, in an attempt to quantify the mixing times observed for
runs 74-112, the following measure was applied to the smoothed data.

Mean square measure of mixing (MSMM)

MSMM = f (Cyy=cd)’
el ¥

-
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where: Ci, . is the concentration measured by channel i at
time j
Ci* is the maximum concentration of channel i over
the last 20 seconds of the run
j is time, which increments by ,25 second intervals.
The mixing criterion, MSMM, measures the difference between
a local instantaneous concentration and its final value. These differ-
ences are then normalized with respect to the final concentration and
squared to accentuate unmixed states, The sum of these normalized
and squared differences is taken over all 64 channels for each of 396
time intervals or approximately every ,25 seconds,
Runs 74-112 have been analyzed using this measure (see Figure
5.1 - only four plots are included), Also, the MSMM curves for these

runs were fit, in a least squares sense, with the following exponential:

MSMM = AePt + ¢

where A, B and C are constants determined by least squares analysis
and t is time (seconds).

Table 5,1 summarizes the experimental conditions of each run,
Note that all runs (74-112), except run 87 were conducted with EI-16
bed media (cT 22 0,80 mm (0.03 in)), ferrite tracer of similar size

(@ & 1.6 mm (0,06 in)) and a tube spacing of four inches. Tabulated
P

alongside each run number is the weight of sand used, the height of the
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Table 5.1

SUMMARY OF EXPERIMENTS, MSMM and OMT

Sand: EI-16 (a'p:-. 0.8 mm (0103 in))
Tracer Size: a’p:.' 1.6 mm (0.06 in)
Tube Spacing: 0.102m (4 in)
Height of Superficial Overall
Weight Array Above Gas Velocity Mixing
Run 3 of Sand Oistributor m/s (FPS) Time (sec)
Number® kg (lbs) ® (in) A B8 C
74 807 (2000) .508 (20 in) .91 ( 3) 102.1 - .1 11.7 28 sec.
75 907 (2000) .508 (20 in) 2.13 ( 7) $9.0 - .4 6.5 12
76 907 (2000) .508 (20 in) 1.52 ( 5) 59.3 - .3 7.2 12
77 907 (2000) .508 (20 in) 3.35 (11) 40.5 - .3 8.7 9
78 907 (2000) .508 (20 in) 2.74 (9) 109.7 - .4 8.0 9
79 1134(2000) .508 (20 in) 1.52 ( 8) 166.7 - .2 11.9 18
80 1134(2000) .508 (20 in) 2.13 ( 7) 85.6 - .2 5.7 14
81 1134(2000) .508 (20 in) 2.74 ( 9) 47.5 - .2 7.8 12
82 1134(2000) .508 (20 in) 3.35 (11) 4.6 - .3 9.1 11
83 1361(3000) .508 (20 in) 1.52 (%) 100.7 - .2 4.6 19
84 1361 (3000) .508 (20 in) 2.13 (7 67.0 - .2 6.8 15
8s 1361(3000) .508 (20 in) 2.74 ( 9) 45.4 - .2 8.0 14
86 1361(3000) .508 (20 in) 3.35 (11) 37.3 - .2 9.6 12
87 907 (2000) .508 (20 in) 0.30 (1.0) 65.0 - .3 10.3 21
88 1361(3000) .254 (10 in) 1.52 ( 8) §2.0 - .3 4.3 19
89 1361(3000) .254 (10 in) 2.13 ( N 40.8 - .3 6.2 20
90 1361(3000) .254 (10 in) 2.74 ( 9) 39.0 - .2 8.0 18
91 1361(3000) .254 (10 in) 3.05 (10) 39,5 - .2 7.8 21
92 1134(2500) .254 (10 in) 1.52 ( 5) 76.4 - .2 3.4 14
93 1134(2500) .254 (10 in) 2.13 (7 44.3 - .3 5.7 16
95 1134 (2500) .254 (10 in) 3.35 (11) . 40.4 - .2 7.6 21
96 907 (2000) .254 (10 in)  1.52 ( 5) - .- - 19
97 907 (2000} .284 (10 in) 2.13 (N - - .- 11
98 307 (2000) .254 (10 in)  2.74 ( 9) 40.7 - .3 6.9 18
99 907 (2000) .254 (10 in) 3.35 (11) 39.1 - .2 7.6 14
102 1134 (2500) .254 (10 in) 1.52 ( 8) - - - 12
103 1134(2500) .254 (10 in) 2.13 (7 48.3 - .2 5.4 15
104 1134(2500) .254 (10 in)  2.74 ( 9) 39.9 - .2 7.9 1s
105 1134(2500) .254 (10 in)  3.20 (10.S) 37.0 - .2 7.6 19
106 907 (2000) .254 (10 in) 1.52 ( 5) o .. - 19
107 907 (2000) -254 (10 in)  2.13 ( 7 59.1 - .3 5.2 12
108 907 (2000) .254 (10 in) 2.74 (9) i _ I
109 907 (2000) .254 (10 in) 3.35 (11) 19
110 1134(2500) .508 (20 in) 1.52 (%) 13
111 1134(2500) .508 (20 in) 3.35 (11) 10
112 1361 (3000) .508 (20 in) 1.52 (- 8) 18
3

Run 87 was made with EI-70 sand ca'Du 0.17 mm (0.0068 in))
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tube array above the distributor plate, the superficial gas velocity, the
constants A, B and C for the exponential fit of the MSMM curve and the
overall mixing time. This overall mixing time is the time in seconds
for the tracer concentration described by MSMM to enter the ''noise
band' about the equilibrium concentration, which, in turn, is defined
as the maximum fluctuation of the MSMM curve about its mean value
during the last twenty seconds of a run. The overall mixing time is
redefined throughout the thesis for convenience.

Regression groups of B, the constant in the least squares fit of
MSMM (i.e., MSMM = AeBt + C), versus superficial gas velocity for
two distances between the tube array and the distributor plate, and
three bed inventories are provided on the pages that follow. Also, two
groups of B versus weight of bed media are included. Brief descrip-
tions and observations accompany these groups.

Since B has units of reciprocal seconds, the inverse of B, (l/B),
behaves like a time constant, So, as B increases, mixing should also
increase, This is the criterion used in the analysis of these groups.

Notation used in the text that follows is explained here:

. . -1
B Reciprocal time constant {sec ), (from

Bt+

MSMM = Ae C)

[
T

Supe rficial gas velocity, m/s (FPS)

Weight Bed Inventory, Kg (lbs)
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Height = Distance between the distributor plate and the

tube array, m (in)

DISCUSSION OF GROUPS

GrouE Al: B versus U
Weight = 1361 Kg (3000 1lbs)
Height = ,254 m (10 in)

U
Run B (sec-l) m /s (FPS)
88 U3 1.52 (5)
89 .3 2.13 (7)
90 .2 2.74 {9)
91 .2 3.05 (10)

In this particular arrangement, B appears to increase as U de-
creases. This would lead us to believe that mixing is better at lower
supe rficial gas velocities when 1361 Kg (3000 lbs) of sand are used and
the height of the tube array above the distributor plate is .254 meters
(10 inches),

Group A2: B versus U

Weight = 907 Kg (2000 lbs)
Height = .508 m (20 in)

U
Run B (sec™) m/s (FPS)
75 .4 2,13 (7)
76 .3 1,52 (5)
71 .3 3.35 (11
78 .4 2.74 (9)

Mixing seems best at the intermediate gas velocities, namely

2,13 m/s and 2. 74 m/s (7 FPS and 9 FPS).
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Group A3: B versus U
Weight = 1134 Kg (2500 lbs)
Height = .254 m (10 in)

U
Run B (sec-l) m /s (FPS)
92 .2 1.52 (5)
93 .3 2.13 (7)
95 ) 3.35 (11)
104 .2 2,74 (9)

Again, better mixing seems to occur at 2,13 m/s (7 FPS),

Groug A4: B versus U
Weight = 1361 Kg' (3000 lbs)
Height = ,508 m (20 in)
U

Run B (sec”}) m/s (FPS)
83 .2 1.52 (5)
84 .2 2.13 (7)
85 .2 2.74 (9)
86 .2 3.35 (11)

Mixing of solids seems about the same at all four gas velocities

under these conditions,

Group A5: B versus Weight
U=1.52m/s (5 FPS)
Height = .254 m (10 in)

-1 Weight
Run B (sec ) Kg (1bs)
88 .3 1361 (3000)
92 .2 1134 (2500)

At low gas velocities, 1.52 m/s (5 FPS}, greater bed inventory

seems to enhance solids mixing.
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Group A6: B versus Weight
U=2.13m/s (7 FPS)
Height = .254 m (10 in)

-1 Weight
Run B (sec ) Kg (lbs)
89 .3 1361 (3000)
93 .3 1134 (2500)
103 .2 1134 (2500)
107 .3 907 (2000)

Under these conditions, solids mixing may be best with 1134 Kg
(2500 1lbs) of bed media. Since runs 93 and 103 were done under the
same experimental conditions, the scatter of data is quite evident. In
other words, the data are not very reproducible.

On the following pages are regression groups of overall mixing
time versus: (A) superficial gas velocity, (B) height of the tube array
above the distributor plate and (C) weight of bed media (sand). Here,
again, a brief description accompanies each group. Notation for these

groups is shown below.

U = superficial gas velocity, m/s (FPS)

Height = Height of the tube array above the distributor plate,
m {in)

Weight = Bed inventory, sand, Kg (lbs)

OMT = Overall mixing time (secs) - the time required tor the

MSMM curve to fall within the noise band about the

equilibrium concentration.



DISCUSSION OF GROUPS

Groug Bl: OMT versus U
Height = ,254 m (10 in)

Weight = 907 Kg (2000 lbs)

Run OMT (secs)
96 19
106 19
97 11
107 12
98 18
108 11
99 12
109 17

U

m /s (FPS)

.52 (5)
.52 (5)
.13 (D)
.13 (7)
.74 (9)
.74 (9)
.35 (11)
.35 (11)

W WD N NN —

Apparently the spread in overall mixing time (OMT) for runs
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performed under the same experimental conditions is greater as the

superificial gas velocity increases,

cities is quite erratic and not very reproducible,

GrouE B2: OMT versus U
Height = .254 m (10 in)

Weight = 1134 Kg (2500 lbs)

Run OMT (secs)
92 14

102 12
93 16

103 15

104 18
95 21

105 19

U

m/s (FPS)

1.52 (5)
1.52 (5)
2.13 (7)
2.13 (7)
2.74 (9)
3,35 (11)
3,35 (11)

This group indicates that OMT increases with supe rficial gas

velocity, which seems contradictory.

Therefore, mixing at higher velo-
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Group B3: OMT versus Height
U=1.52 m/s (5 FPS)
Weight = 907 Kg (2000 1lbs)

Height

Run OMT (secs) m (in})
76 12 .508 (20)
96 19 .254 (10)
106 19 .254 (10)

This group shows better mixing with increased height of the tube

array above the distributor plate,

1

GrouE B4: OMT versus Height
U= 3,35 m/s (11 FPS)
Weight = 1134 Kg (2500 1lbs)

Height

Run OMT (secs) - m (in)
82 11 .508 (20)
95 21 . 254 (10)
105 19 .254 (10)

This group also shows better mixing of tracer with increased

height of the tube array above the distributor plate.

Group B5: OMT versus Weight
U=1.52m/s (5 FPS)
Height = .254 m (10 in)

Weight

Run OMT (secs) Kg (lbs)
88 19 1361 (3000)
92 14 1134 (2500)
102 12 1134 (2500)
96 19 907 (2000)
106 19 907 (2000)

Mixing with 1361 Kg (3000 lbs) and 907 Kg (2000 lbs) is about the

same, The best mixing occurs with 1134 Kg (2500 lbs) of sand,
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Group Bé: OMT versus Weight
U =3.35m/s (11 FPS)
Height = . 254 m (10 in) :
Weight

Run OMT (secs) Kg (lbs)
91 21 1361 (3000)
95 21 1134 (2500)
105 19 1134 (2500)
99 12 907 (2000)
109 17 907 (2000)

In this group one can see the variability caused by higher gas
velocities. It appears that the fastest mixing occurs with 907 Kg
(2000 1bs) of sand. Both 1361 Kg (3000 1bs) and 1134 Kg (2500 1lbs) of
bed inventory have almost the same effect on mixing.

In conclusion, the MSMM results were considered tentative and
in some cases contradictory. In addition, MSMM only partially des-
cribed local mixing. Values of B were misleading because they mea-
sured the rate of approach to equilibrium from the highest MSMM peak
without regard to any horizontal shift. In other words, the B values
measured "how' the MSMM curve fell to the equilibrium level and not
"when'' it fell to this level. Thus, a better measure of mixing was
needed.

As far as overall mixing time (OMTs) were concerned, the data
seemed fairly reproducible, except at higher superficial gas velocities
whe re reproducibility was significantly impaired (see runs 98, 108
and 99, 109 in Table 5.2). In Table 5,2, replicate runs are in

parentheses with their OMTs in the same respective order.
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TABLE 5,2 Replicate Runs,

Replicate Runs OMT (secs)
(92, 102) (14, 12)
{93, 103) (16, 15)
(95, 105) (21, 19)
(96, 106) ' (19, 19)
(97, 107) (11, 12)
(98, 108) (18, 11)

(99, 109) (14, 19)
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V1. SUCCESSFUL ANALYSIS

6.1 The Histogram Plots

In order to understand how fast clumps of ferrite tracer disperse
within the tube array and, ergo, pollution control, histograms (see
Figure 6. 1) have been constructed over 1l second time intervals ascend-
ing in a Fibonacci sequence (i.e., 1,2,3,5,8,13,21, 34,55...), where
each number is the sum of the ptevious two, For example, the first
six intervals are: 0-1 second, 1-2 seconds, 2-3 seconds, 4-5
seconds, 7-8 seconds and 12-13 seconds. This series was chosen
because it describes exponential or natural decaying functions in a
characteristic and, therefore, relevant manner. In our case, signifi-
cant concentration changes occur relatively early in the mixing pro-
cess, but as time progresses, the magnitudes of these changes
diminish. Thus, it is vital to observe early changes, whereas those
that occur later may be discounted and lumped together as the Fibonacci
sequence does,

The abscissas of the histogram plots are divided into ten inter-~
vals of normalized concentration or (ffi/C*), whe re Ei is the average
concentration measured on channel i over a one second time interval
and C* is the average concentration sensed by all channels over the
last ten seconds of a run (i.e,, the well-mixed concentration). Values

of the normalized concentration are plotted in the range from one to
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twenty. The ordinates on the other hand, are the percentages of total
tracer (detected by the tube array) within each particular normalized
concentration interval. Thus, be definition, the heights or percent-
ages of tracer within each concentration interval (on one particular
plot) always sum to 100%. However, the amount of tracer accounted
for may vary among each of the nine plots describing a run. In fact,
the mass balance plots (presented in section 6. 3) show that the tracer
does not satisfy a material balance during the early stages of a run.

Run 74 is representative of some of the more salient features of
the histogram plots. A discussion of this run follows. During the
first second of data collection (after tracer injection) there appear to
be several different concentrations of tracer detected by the array
ranging from ('C‘.l/é*) = 1 to 20. In the next second (the 1-2 second
interval), a clump (or clumps) of tracer (Ei/f* =, 20) comes within
the detection range of the probes. In the following two seconds (the
4 -5 second interval), this clump has dispersed to a normalized con-
centration, (Ci/E*), of about 12, Finally, sometime between the 20-21
and 33-34 second intervals, the tracer becomes uniformly distributed
at its final concentration, i.e. G'i/ﬁ* =1,

It is evident from Run 74 that clumps of tracer move in and out
of the tube array. Thus, we have a puzzle which is missing some
pieces, namely those portions of the bed outside the detection range of

the probes. One can only guess what is happening in these external
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regions. Tracer concentrations could be worse (or greater) than those
observed in the early histogram plots (i.e., during the 0-~1 second,

1-2 second and 2-3 second time intervals), especially when a good
portion of the bed is above the tube array and near the injection port.
This condition frequently occurs when 3000 lbs of sand are used; or
the superficial gas velocity is 11 ft/sec; or the height of the array is
only 10 in, above the distributor; or any combination of these factors

is used,

6.2 The Normalized Tracer Average Concentration

Plots of normalized tracer average concentration versus time
(see Figure 6.2) are used to determine an overall mixing time (OMT)
for each run., Concentrations are averaged with respect to tracer
rather than volume or space. This averaging is particularly relevant
since it expresses how crowded the tracer is from the tracer's point
of view. It is worthwhile to add that the normalized tracer average
concentration is simply the mean concentration of the histograms.
The ordinates of the normalized tracer average concentration plots
are the same as the abscissas used for the histogram plots, i.e. values
of (E‘i/f*) ranging from 1 to 20. Mean concentration values, Ej’ are
calculated for each quarter second time interval, j, of data collection
by squaring the concentration readings of each channel, summing these

squared concentrations and, then, dividing by the sum of
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concentrations. In terms of symbols, this becomes
—4 ( E C. » % . ,)
< = “’J) /('..1 Coj

for one particular time interval, j, Ci . is the concentration reading
on channel i, of which there are 64. This measure is consistent with
the expectation of a particular concentration, which is defined to be

the sum of concentrations times their respective probabilities or,

discretely,

C.= 5 e S

J o ' f_
- Caj

It is evident that this expectation becomes equal to the expression

above for an almost instantaneous data sample (less than one -one

.) is approximately constant.
J

64
hundredth of a second) since ( Z Ci
i=1

The normalized mean concentration, C 4 , is given by

Co = (CJ./C‘*).

6.3 The Mass Balance Plots

The mass balances (see Figure 6.3) can also be used to deter-
mine approximate overall mixing times in a qualitative way. The

ordinates are simply the sum of concentrations measured in data
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4
units for each quarter second time interval and the abscissas are
time (in seconds). It is quite apparent that a material balance of

tracer is not satisfied at the beginning of any run (i.e., the first 20

seconds or so0).

6.4 Summary of Results

The overall mixing time (OMT) is the time required for the
tracer concentration (the ordinates of the mass balance and normalized
mean concentration) to enter the ''noise band'' about the equilibrium
concentration. The equilibrium concentration is defined as the aver-
age concentration over the last 20 seconds of a run. These values
appear in Table 6.1 along with other criteria of mixing. The first
column is the run number, which is followed in parentheses by the
weight of sand (lbs), height of the tube array above the distributor
plate (in) and the superficial gas velocity (ft/sec). All runs were
conducted in the .91 m x .91 m (3 ft x 3 ft) bed using ferrite tracer
with an average surface diameter, El_p, of .06 in (1. 6 mm) and a
density, /'5 , of 2400 Kg/m3 (150 1b/ft3) and sand with dp = 0.8 mm
(0,03 in) and /asand = 2700 Kg/m3 (169 1b/ft3). The next column

shows the first time interval in which all clumps of tracer have

There are . 005 volts signal/data unit and one volt is approximately
equal to one volume percent tracer, Thus, there are 200 data units
to one volume percent tracer,



TABLE 6,1 Criteria of Mixing (runs 74-86).

OMTs (secs)

First Time First Time Normalized
Interval With Interval With Mass Tracer Average
Run No, ’(‘:‘i/t‘* < 10 6'1/6* =1 Balance Concentration
74(20001‘3‘,20",3FPS)5 VII VIII 32 28
75(2000#,20'", 7TFPS) \% ~V1 22 14
76{2000#,20",5FPS) v ~r VI 16 15
77(2000#,20'", 11FPS) I ~V 10 12
78(2000#,20", 9FPS) III VI 14 15
79(2500#,20",5F PS) v VIII 15 17
80(2500#,20'", TFPS) II VI 20 19
81(2500#,20', 9FPS) I VI 16 15
82(2500#,20", 11FPS) I ~ IV 12 18
83(3000#,20", 5FPS) v VII 28 18
84(3000#,20", TF PS) I ~V 25 16
85(3000#,20'",9FPS) I ~IV 16 14
86(3000#,20'", 11FPS) I ~V 18 13

> Note that: 1 Kg =2,2046 1bs, 1l in =.,0254 m, 1 m/s = 3,29 FPS

10¢
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reached a normalized concentration, ’Ei/E*, less than or equal to ten.
In the third ceclumn, the first time interval of the well-mixed state
(ﬁi/C-* =Cgq = 1} is tabulated. The last two columns are the overall
mixing times (OMTs) as read from the mass balance and normalized
mean concentration plots, respectively. The time intervals are as
follows: Iis the 0-1 second time interval, II is (1-2), III {(2-3), IV

(4-5), v (7-8), VI (12-13), VII (20-21), VIII (33-34), and IX (54-55).

6.5 Conclusions Based on Runs 74-86

It is quite evident that mixing is enhanced by increases in the
superficial gas velocity., Run 74 (3 FPS) dramatically shows how poor
mixing can be at low velocities. Overall mixing times (OMTs) are
about the same when conditions are held constant at 20" and 5 FPS
and different weights of sand are used (see runs 76, 79, 83). At
7 FPS and 20'' the OMT rises and then falls as more sand is added
(see runs 75, 80, and 84). The best run, in terms of all measures,
is run 77 (2000#,20", 11FPS), Many other runs (81, 82, 84, 85, 86)
appear to mix as rapidly as run 77 when the criteria in the first
column (i.e., ’é’i/C* < 10) is used. This criteria is probably the
most important in terms of uneven combusticn and sulfur retention in
the bed. Thus, as one would expect, higher gas velocities and more
sand (or limestone) will promote rapid dilution of injected particles

(ferrite, coal or whatever).
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OMTs based on the mass balance plots are questionable, It is
possible for a mass balance to be satisfied while the bed, as a whole,
remains unmixed. On the other hand, if the bed is well-mixed, a
mass balance must be satisfied. Thus, OMTs based only on the nor-~
malized tracer average concentration will be used in the subsequent

analysis of runs 87-114 (see Table 6.2).

6. 6 Conclusions Based on Runs 74-114

In Table 6,3, the results of Tables 6.1 and 6.2 are grouped to
show the effects of superficial gas velocity (the U groups), weight of
the bed media (the W groups), and height of the tube array above the
distributor plate {the H groups) on solids mixing. These groups are
considered to be representative of general trends or tendencies in the
data. Mixing criteria are shown in the same order as in Table 6.1
and 6.2. All OMTs are those read from the normalized tracer aver-
age concentration curves. Quantities in parentheses in Table 6.3 are
replicate runs and their respective mixing criteria. The "studied"

variable is the quantity which is varied in each group.

6.6.1 The U Groups

Groups U3 and U5 show a very definite increase in mixing
efficiency as superficial gas velocity is increased. It appears that

clumps of tracer have avoided detection by the probes in run 89,
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TABLE 6.2 Criteria of Mixing (runs 87-114).

OMT(secs)
First Time First Time Normalized

Interval With Interval With Tracer

Run No. ¢ /Cx < 10 @ /Cx =1 Average

1 1 Concentration

87(2000#,20"1FPS) \'A VII 22
88(3000#, 10", 5FPS) I V1 22
89(3000#, 10", TFPS) I 1 : 23
90(3000#, 10", 9F PS) 1 v 12
91(30004, 10", LOFPS) 1 111 10
92(2500#, 10",5FPS) I Vi 18
93(2500#, 10", 7TFPS) I I 22
95(2500#, 10", 11FPS) I I 18
96(2000#, 10", 5FPS) II ~ VI 14
97(2000#, 10", TEPS) II VI 12
98(2000#, 10", 9FPS) I v 10
99(2000#, 10", 11FPS) I v 8
102(2500#, 10", 5EPS) I VI 12
103(2500#, 10", TFPS) I v 11
104(2500#, 10", 9FPS) I I 9
105(2500#, 10", 10, 5F PS) I I 8
106(2000#, 10", SEPS) v ViI 16
107(2000#, 10", TFPS) I ~ VI 10
108(2000#, 10",9F PS) I 11 8
109(2000#, 10", L1FPS) I v 8
110(2500#, 20", 5FPS) v VII 12
111(2500#,20", 11FPS) I VI 5
112(3000#,20",5FPS) IV ~ VI 10
113(2000#, 10", IFPS) ® 1 Vi 16
114(2000#, 10", 4FPS) I Vi 7

- - - . A MmN e e e e e e EEEE@EESE® === ST aa®==SmS s SssssSS

Runs 87, 113 and 114 were conducted with EI-70 sand
(d = 0.17 mm (. 0068 in)).
p

Also note: 1 Kg =2.2046 1bs; 1in = .0254 m; 1 m/s = 3,29 FPS,
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TABLE 6.3 Grouping of Results,
Values of
""Studied”’ Mixing
Group Run No. Variable Criteria

Ul: 30004#, 10" 88 5FPS 1,VI,22
89 7FPS 1,1,23
90 9FPS 1,1v,12
91 10FPS 1,111, 10

U2: 25004, 10" 92(102) 5FPS I,VvIi, 18 (1, VI, 12)
93(103) T7FPS 1,1,22 (1,1v,11)
104 ‘ 9FPS 1,1,9
95(105) l11IFPS 1,1,18 (1,1, 8)

U3: 2000#, 10" 96(106) S5FPS II~VI, 14 (V,VII, 16)
97(107) TFPS i1, vI, 12 (I,~VI, 10)
98(108) 9FPS 1,1v, 10 (1I,1I,8)
99(109) 11IFPS 1,1v,8 (1,1V,8)

U4: 3000#,20" 83(112) 5FPS v, VII, 18 (I1vV,~VI, 10)
84 7FPS 1,~V, 16
85 9FPS IV, 14
86 11FPS Irvv,13

U5: 2000#,20" 76 5FPS v,~VI, 15
75 T1FPS Vv ,~AVI, 14
78 9FPS III, VI, 15
77 11IFPS I~v, 12

Wl: 10", ,5FPS 96(106) 2000# 11,~VI, 14 (V, VII, 16)
92(102) 2500# 1,VI, 18 (1, VI, 12)
88 30004 I,VI,22

w2: 10", 7TFPS 97(107) 2000# 11, VI, 12 (I,~VI, 10)
93(103) 2500# 1,1,22 (1,IV,11)
89 3000# 1,1,23

W3: 10", 11FPS 99(109) 2000# I,Iv,8 (I,1V,8)
95(105) 2500# I,I,18 (1,1,8)
91 3000# I1,1II, 10
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Values of
"Studied" Mixing
Group Run No, Variable Criteria
W4: 20'"" 5FPS 76 2000# V,~VI, 15
79(110) 2500# Vv, VI, 17 (IV, VII, 12)
83(112) 3000# iv, VII, 18 (1vV, VI, 10)
W5: 20", 9FPS 78 2000# 1II, VI, 15
81 25004# I,VI, 15
85 3000# 1,1V, 14
Wé: 20", 11FPS 77 2000# I,~V, 12
82 2500# I1,~IV, 18
86 3000# 1,~V,13
H1:3000#,5FPS 88 10" I,VI, 22
83(112) 20" 1V, V1iI, 18 (IV~VI, 10)
H2: 3000#, 7FPS 89 10" 1,1,23
84 20" I,~V, 16
H3; 3000#, 1l1FPS 91 10" 1,I111,10
86 20" I,V, 18
H4: 2500#,5FPS 92(102) 10" I,VI, 18 (I,VI, 12)
79(110) 20" vV, VIII, 17 (IV, VII, 12)
H5: 2500#, lL1FPS 95(105) 10" I,1,18 (1,1, 8)
82 20" I1,~IV, 18
Hé: 2000#,5FPS 96(106) 10 II,~VI, 14 (V, VII, 16)
76 20" V,~VI, 15
H7: 2000#, 11FPS 99(109) 10" I1,Iv,8 (I,1IV, 8)
77 20" I,~V,12
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the reby making group Ul appear slightly contradictory. The OMTs
of replicate runs 95 and 105 are drastically different. Thus, OMT
must not be a very good way to measure mixing. As far as the
histogram criteria are concerned, group U2 is consistent with the
hypothesis that increased gas velocity promotes mixing. According
to the histogram criteria, mixing is worse when the height of the tube
array above the distribution plate is decreased. A comparison of Ul
with U4 and U3 with U5 will readily prove this assertion. Interestingly
enough, the OMTs are not affected as greatly by changes in the height

of the tube array.

6.6.2 The W Groups and H Groups

The W groups show that addition of bed media is accompanied
by greater dilution and longer OMTs. Since enhancement of tracer
dilution is the objective of this study, it is advisable to use 1361 Kg
(3000 lbs) of bed media instead of 1134 Kg (2500 1lbs) or 907 Kg
(2000 lbs). Furthermore, the W groups reaffirm the conclusion that
mixing is a direct function ot superficial gas velocity. Groups W1,
W3, W4, and W6 indicate that an increase in height is accompanied by
sluggish mixing of tracer in the bed. This effect is attenuated at
higher superficial gas velocities.

All H groups seem to indicate better mixing with the tube array

in the .254 m (10 in) position rather than in the . 508 m (20 in) position,
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These groups also show greater dilution as the superficial gas velocity

and or the weight of bed media is increased.

6. 6.3 Replicate Runs

Replicate runs are tabulated in Table 6.4. Again, the quantities
appearing in parentheses are the replicate runs are their respective
mixing criteria. With regard to the histogram crjteria, all runs seem
fairly reproducible, except 93 and 103. OMTs are reproducible in the
following pairs: 96(106), 97(107), 98(108), and 99(109). It seems that
as the weight of bed media and the superficial gas velocity are in-
creased, the variability in OMTs between replicate runs is also in-
creased. This is shown in pairs 79(110), 83(112), 92(102), 93(103),
and 95(105). Curiously, runs 99 and 109 at 3. 35 rn/s (11 FPS) mix at

the same rate according to all criteria.

TABLE 6.4 Replicate Runs

Run Nos. Conditions Mixing Criteria
79(110) 2500#,20",5FPS v, VIII, 17 (IV, VII, 12)
83(112) 3000#,20",5FPS Iv, Vi1, 18 (IV,~VI, 10)
92(102) 2500#, 10",5FPS 1,VI, 18 (I, VI, 12)
93(103) 2500#, 10", 7FPS 1,1,22 {(1,1v,11) .
95(105) 2500#, 10", 11FPS 1,1,18 (I,1,8)

96(106) 2000#, 10",5FPS II,~VI, 14 (V, VII, 16)
97(107) 2000#, 10", 7FPS 11, VI, 12 (I,~VI, 10)
98(108) 2000#, 10", 9FPS 1,1V, 10 (I,1I,8)

99(109) 2000#, 10", 11FPS 1,1v,8 (1,1V,8)
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6.7 Movies of Tracer Concentration Profiles in the Fluidized Bed

Figure 6.4 shows a frame of a film describing the last ten
seconds of Run 88 (30004, 10",5FPS), This figure is a concentration
profile for each level of probes in the bed. Each vertex represents a
probe. The heights of the vertices are proportional to the concentra-
tion of tracer in the vicinity of each probe. During the last 10 seconds
of a run, tracer is fairly well-mixed. Thus, drops in concentration
are the result of passing bubbles. The movie, therefore, describes
bubble movement and frequency. Since bubbles are mostly responsi-
ble for solids mixing, it is possible to verify some of the conclusions
made in chapter IV concerning distinct mixing regions in the bed.
Careful observation of the movie reveals a preference of bubbles to
rise in the interior regions of the bed as opposed to regions adjacent
to the walls. Thus, mixing is best at the center of the bed., Along
the bottom row of probes, bubbles seem evenly dispersed, but not as
frequent as those found in the interior regions (channels B and C on
tubes 2, 3, 6, 7, 10 and 11), Solids mixing in the region next to the
distributor plate seems to be better than the wall regions, but worse
than the interior regions. Again, these results are in accord with
Schugerl's findings [ 38].

A movie of only the bottom row of probes was also made for the

first ten seconds of run 88. It appears that tracer slides down along
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Figure 6.4. Concentration profile for each level of probes in

the fluidized bed.
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the walls and then moves up the center of the bed. This observation

is in accord with the findings in chapter IV,

6.8 Closure

It appears that the histogram approach is consistent with
itself and quite relevant to our study. OMTs, on the other hand,
‘are misleading and sometimes contradictory. A significant deficiency
in any approach is the lack of data from bed regions lying outside
the detection range of the probes. Thus, it may appear that increases
in the superficial gas velocity, increases in the amount of bed media
and decreases in the height of the tube array all contribute to the
enhancement of mixing; but, in reality, these changes may only shift
the position of tracer injection away from the probes, thereby,

allowing the tracer to disperse somewhat before being detected.
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Vi, OVERALL CONCLUSIONS

On the basis of the collected data and its analjrsis the following

conclusions may be made:

1. At high gas velocities, 2,74 m/s (9 FPS) and 3.35 m/s (11
FPS), the ferrite tracer spreads rapidly {less than 10 seconds)
throughout the bed. L.ow gas velocities are accompanied by
sluggish mixing.

2. Though.it may appear that increases in the superficial gas
velocity, increases in the amount of bed media and decreases
in the height of the tube array all contribute to the enhance-
ment of mixing, in reality these changes may only place more
bed media between the tracer injection port and the probes,
thereby, allowing the tracer to disperse somewhat before
being detected.

3. As shown by their lack of reproducibility, overall measures
of solids spreading like OMT and MSMM fail to describe
tracer dispersion in a consistent manner.

4, Although the data is slightly erratic it does show some
distinct trends. The histogram criteria, gives a reasonable
picture of how solids disperse. It measures tracer concen-
tration with respect to itself. In effect, the histograms

answer the question posed by a tracer particle -- "How
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crowded am I2" Thus, this criteria measures "overshoot'
of the normalized tracer average concentration very well,
However, it fails to adequately describe slowly rising nor-
malized tracer average concentration curves,
The concentration versus time plots and the concentration
profile movie indicate that solids tend to circulate down the
walls and up the center of the bed. The effects of the walls
cause gulf-streaming and large scale eddies, even with an
immersed tube bank. Therefore, it is not possible to divide
the bed into well-mixed compartments with intercompart-
mental flows.
Bubble frequencies are greatest in the interior regions of the
bed, whereas bubbles seem to avoid the wall regions. Thus,
solids must flow down the walls and up the interior as stated
in conclusion 5,
This work shows that tighter tube spacing enhances solids
mixing. (Compare OMTs with study done by T. Fitzgerald
et al. at Oregon State University - ''Solid Tracer Studies
in a Tube -Filled Fluidized Bed.'")
More numerous small tracer particles helped eliminate the
Poisson noise found in the earlier runs (50-73).
Industrial combustors always operate in the transient phase.

Thus, burning coal particles are never well-mixed and
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OMTs are not useful.
Char particles, on the other hand, are well-mixed because
their residence time in the bed is greater than the observed

OMTs.



313

VIII. DIRECTION OF FUTURE WORK

Future work dealing with solids movement will be directed to-
ward bed scaling and dimensionless group modelling. The bed and
tube array will be altered to test whether fluidization hydrodynamics
can be correlated with the following four dimensionless groups:

( & ) The ratio of solid density to gas

density.

istic bed dimension,

( é : ) The ratio of particle size to a character-

2 The ratio of superficial gas velocity
( Ue ) squared to the product of the acceleration
of gravity and a characteristic bed
dimension - the Froude number.

a‘ The ratio of the superficial gas velocity
( Euo times particle size to the kinematic
v viscosity of the gas - the particle

Reynold's number,.

Jaycor Corporation has prepared a report [ 37] covering cold
flow simulation theory, which is rigorously developed through dimen-
sional analysis of the Navier-Stokes equations. An outline of the
experimental approach, specifications and procedures necessary for
verification of their theory is also presented.

I would also recommend a study of local solids velocity gradients

at the bottom of the bed., Along with this investigation, one could
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construct a map of tracer fluxes in the lower portion of the bed. This
study is particularly significant in light of the Park et al, plume model
[ 34] which describes coal particle devolitilization after its intro-
duction to the bed. Essentially, coal must be injected at the bottom
of the bed in order for its plume to be contained within the bed (i.e.,
not within the bed and the freeboard), Once instrumentation has been
developed and refined, an investigation involving induced solids cir-
culation patterns could commence, An investigator would be able to
dete rmine the variables (baffles, tube spacing, etc.) necessary to
maximize the holding time of solids at the bottom of the bed and, thus,

optimize conditions for coal combustion.
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APPENDIX A
Sand and Tracer Sieve Analysis

Colakyan [ 8] determined the mean surface diameter, dp, and

the minimum fluidization velocity, U_ ., of EI-16 sand to be 0, 798 mm

mf
(0,0134 in) and 0,459 m/s (1.51 ft/s), respectively, The mean sur-
face diameters of EI-16, EI-70 and the fine tracer were determined
independently in the present study. Table A, 1 shows the Tyler

standard screens used in this analysis. Calculations are based on the

method presented in Fluidization Engineering [ 21] using the formula:

I=-—2%
d.P B z(%/dv)(_

where dp is the mean surface particle size (mm), x, is the fraction of
material in size interval i and d_ is the average diameter of size

i
interval i. Tables A,2, A,3 and A, 4 show the results,



Table A.1l. Tyler standard screens.
Stundard Interval = /2, for Closer Sizing
Interval
= /7, .
Wire
Aperture, Aperture, | Aperture, Mesh .

. . Diameter,
in. in. mm Number i
1.050 1.050 26.67 | ... 0.148

0.883 22.43 0.135
0.742 0.742 18.85 | ... 0.135
0.624 1585 | ..... 0.120
0.525 0.325 13.33 | ..... 0.105
0.441 11.20 0.105
0.371 0.371 Y423 | L. 0.0492
0.312 7.925 214 | 0.08%
0.263 0.263 6.680 3 0.070
0.221 5.613 313 0.065
0.185 0.185 4.699 4 0.065
0.1356 3.902 3 0.044
0.131 0.131 3.327 6 0.036
0.110 2.794 7 0.0326
0.093 0.093 2.362 8 0.032
0.078 1.981 9 0.033
0.0635 0.065 1.651 10 0.035
0.055 1.397 12 0.028
0.046 0.046 1.168 14 0.025
0. 0390 0. 901 16 0.0235
0.0328 0.0328 0.833 20 0.0172
0.0276 0.701 24 0.0141
0.0232 0.0232 0.58Y 28 0.0125
0.0195 0.495 32 0.01138
0.0164 0.016+4 0.417 35 0.0122
0.0138 0.351 42 0.0100
0.0116 0.0116 0.295 43 0.00v2
0.00u7 0.248 60 0.0070
0.0082 0.0082 0.208 63 0.0072
0.00069 0.173 80 0.0056
0.0058 0.0038 0147 100 0.0042
0.0049 0.124 115 0.0038
0.0041 0.0041 0. 104 130 0.0026
(.0033 ).088 170 0.0024
0.0029 0.0029 0.074 200 0.0021
0.0024 0.061 230 0.0016
0.0021 0.0021 0.053 270 0.0016
0.0017 0.043 325 0.0014
0.0015 0.0015 0.038 100 0.0010
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TABLE A,2 EI-16 Sand Sieve Analysis

After run 60:

Cumulative Weight With Diameter
of a Representative Smaller Than Tyler’
2.332 1b, Sample dp (mm) Mesh
0 0.295 -48, +28
220 0.589 -28, +20
. 945 0.833 -20, +14
2,031 +1, 168 -14, +12
2.219 1. 397 -12, +10
2.283 1. 651 -10, +8
2.332 2.362 -8 , Pan
. d . . .
Diameter Range pi Weight Fraction
X (x/d ).
(mm) (mm) in Interval (xi) pi
.295 - .589 0.442 (.220-0)/2.332 =.0943 .213
.589 - .833 0.711 {.945-.22)/2.332 =.3109 . 437
.833 - 1,168 1.001  (2.031-,945)/2.332 = .4657 .465
1,168 - 1,397 1.283 (2.219-2.031)/2.332 =, 0806 .063
1,397 - 1,651 1.524 (2.283-2.219)/2.332 = .,0274 . .018
1,651 - 2.362 2.007 (2.332-2,283)/2.332 =,0210 .010
S = 1.207
d = 1 = S N .828 mm (,0326 in)
Z 4 1.207
= (Plde X

Particles that pass through the 48-mesh screen but are retained
on the 28-mesh screen are reported as -48, +28.
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After run 72:

Cumulative Weight

With Diameter

of a Representative Smaller Than Tyler
1,119 1b, Sample dp {mm) Mesh
0 0.295 -48, +28
. 192 0.589 -28, +20
. 684 0.833 -20, +14
1,030 v 1,168 -14, +12
1,086 1. 397 -12, +10
1. 119 1.651 -10, +8
1,119 2.362 -8 , Pan
. d . . .
Diameter Range pi Weight Fraction (x/d_)
(mm) {mm) in Interval (xi) pi
.295 - .589 0. 442 (.192-0)/1.119 =, 1716 .388
.589 - .833 0,711 (. 684-,192) /1,119 = .4397 .618
.833 - 1,168 1,001 (1.030-,684)/1.119 =.3092 . 309
1,168 - 1,397 1.283 (1.086-1,030) /1,119 =, 0500 .039
1,397 - 1. 651 1,524 (1,119-1,086)/1.119 = ,0295 .019
1,651 - 2,362 2.007 0.000 . 000
Z = 1.374

.728 mm (, 0287 in)
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TABLE A.,3 EI-70 Sand Sieve Analysis

After run 87;

. d
Tyler Mesh Size X, P, {(mm) (x/dp)i
-35, +48 0,0064 . 3560 0.0180
-48, +60 0.1089 L2715 L4011
-60, +65 0. 3430 .2280 1.5044
-65, +80 0.1651 . 1915 0.8621
-80, +100 0,1740 . 1610 1,0807
=100, +150 0, 1401 . 1255 1.1163
-150, +170 0.0268 . 0960 0.2792
-170, +200 0.0165 .0810 0.2037
Pan (+325) 0.0192 . 0585 0.3282
1, 0000 > =5.7938
4 = — = 0,173 mm (0.00680 in)

P 5.7938
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TABLE A,4 Fine Ferrite Tracer Sieve Analysis
(used in runs 74 - 114)

Cumulative Weight With Diameter
of a Representative Smaller Than Tyler
1.0 1b. Sample dp (mm) Mesh
0 .208 -65, +16
. 085 .991 -16, +14
. 157 1.168 -14, +12
.223 1,397 -12, +10
. 348 1.651 -10, +8
. 690 2.362 -8 , t+6
. 937 3,327 -6, 3
1,000 . 6. 680 -3 , Pan
. d . . -
Diameter Range pi Weight Fraction (x/d_)
(mm) (mm) in Interval (x.l) pi
.208 - ,991 0. 600 (.085-0) =.085 . 1417
.991 - 1,168 1. 080 .157-,085 = .072 .0667
1,168 - 1,397 1,283 . 066 .0514
1,397 - 1,651 1.524 . 125 .0820
1,651 - 2,362 2,007 . 342 . 1704
2.362 - 3.327 2,845 . 247 . 0868
3.327 - 6. 680 5.004 .063 L0126

.6116

&

1

dp = —‘m = 1, 635 mm (.0644 1n)
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APPENDIX B

Scaling Values for all 64 Channels:

AV Scaling 3
Channel (Voltage Diffe renc:e)8 Value
1A 1942 1. 0029
B 2106 . 9248
C 2761 . 7054
D 1930 1.0091
2A 1658 1,1747
B 1896 1.0272
C 1609 1.2105
D 2112 .9222
3A 1986 . 9807
B 1253 1.5544
C 1004 1. 9400
D 1927 1.0107
4A 1957 . 9952
B 1907 1.0213
C 1914 1.0176
D 1841 1, 0579
5A 2155 .9038
B 2184 .8918
C 1693 1, 1504
D 1844 1. 0562
6A 2505 L7775
B 1775 1.0973
C 1821 1.0695
D 1705 - 1,1423
TA 1906 1.0218
B 2450 . 7950
C 1972 .9876
D 1844 1.0562

The voltage difference is given in terms of data units. There
are .005 Volts per data unit,

Scaled values are obtained by dividing the average voltage
difference by the AV value of a particular probe.
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APPENDIX B, Continued

AV Scaling

Channel (Voltage Difference) Value
8A 1961 . 9932
B 1755 1, 1098
C 1963 . 9922
D 1706 1,1416
9A 1976 . 9856
B 2405 . 8098
C 1801 1,0814
D 2401 .8112
10A 2171 .8971
B 2032 . 9585
C 2045 .9524
D 2054 . 9482
11A 1943 1.0024
B 1667 1.1684
C 1712 1.1376
D 1862 1,.0460
12A 1680 1, 1593
B 1879 1.0365
C 1939 1.0045
D 1988 L9797
13A 1857 1,0488
B 1677 1.1614
C 1707 1.1410
D 1768 1. 1016
14A 2234 .8718
B 2299 . 8472
C 2151 . 9055
D 3169 . 6146
15A 1678 1, 1607
B 2311 . 8428
C 2283 . 8531
D 1960 .9937
16A 1850 1.0528
B 1964 .9917
C 1305 1.4924
D 1839 1.,0591

= 124, 649

AV = Average AV = 1947, 641
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APPENDIX C

The Detection Circuit, Power Supply
and Sine-Wave Generator

C.1 The Detection Circuit

A simplified sketch of the inductance probe detection circuit and
phasor representations of the driving, resistive and inductive voltage
components appears in Figure C. 1. Tracer concentrations in the bed
rarely exceed two percent by volume. Therefore, the inductance of
the coils could be expected to change by about two percent during an
experimental run. However, as the bed warms up, its temperature
can change by as much as 30°C (54°F)., This temperature variation
causes about a ten percent resistance change in the coils, which would
easily drown out the two percent inductance change in the coils caused
by the presence of tracer. This circuit is unique in that it circum-
vents the problem of heat-produced resistance changes in the detector
coil. Since the resistive component of the active bridge output voltage
is 90° out of phase with the driving voltage, their average product is
zero, Hence, the bridge is only sensitive to inductance imbalance
caused by the presence of ferrite tracer near the probe,

A brief mathematical description of the circuit and its tempera-

ture insensitivity follows. As shown in Figure C. 1, the input to the

10 Dr. Thomas J. Fitzgerald has applied for a patent on this circuit.
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multiplier is:

The output of the multiplier or averaging filter is:

1

185 = VY, sin(vrt) [:‘l,_sim(w-t +TR) + VL.siu.(urt)]

= [Vd Vh siw (urt) sin et + Tﬁ)] +}: Yy V!. sin” C\.urt)]

AARVRIerS)
= VlfcomsmNﬂ

Thus, the output voltage is proportional to Vl which is itself propor-
tional to the ferrite tracer concentration near the inductor probe.

An inductance bridge card (containing four separate inductance
bridge circuits) is shown in Figure C.2; and its schematic is shown in
Figure C.3. The output from the multiplier is passed through a two
time -constant filter to eliminate the carrier frequency and its
harmonics from the output signal. Component values were chosen so

that a one volume percent ferrite concentration in the vicinity of the
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a card.
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probe produces approximately one volt at the output of the bridge
circuit,

The only adjustable feature built into each circuit is the output
D.C. level adjustment, This is necessary to compensate for drift in
the electronics. The overall gain of each circuit ought to remain very
nearly constant, and the gains of all the circuits should not vary by
more than five percent from each other.

A + 15 volt power supply (;nanu.factured by Hewlett-Packard) is
used to power all operational amplifiers. The common te rminal of the
supply is connected to earth ground; and the sense of the te rminal is
connected to the 15 volt bus of the inductor circuits.

The 4,000 Hz sine wave signal used to excite the inductance
bridges is generated on the card which is schematically shown in
Figure C.4. The oscillator is an Intersil 8038 voltage controlled
oscillator which produces an approximately sinusoidal output, The
frequency stability of the oscillator is good to better than 0. 1 percent.
The amplitude, which is determined by the power supply voltages, is
stable to better than 0,1 percent, also. The output of the 8038 passes
through a high pass filter to remove whatever DC component may be
present, and then passes through an isolating follower amplifier,
Since the sine wave is obtained by piecewise approximation, higher
harmonics of the signal are still present. These harmonics are

removed by Butterworth filters.
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Figure C.4, The 4000 Hz. sine wave generator and Butterworth
filters used for the inductance bridge circuits.
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