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NOMENCLATURE

area

capacitance

particle diameter

mass flow rate of gas

temperature

bulk temperature of the bed

wall temperature of the immersed surface
gas velocity

gas velocity corresponding to minimum fluidization
bubble volume

packet heat capacity

separation distance between probe plates

fraction of the total time that the immersed surface
is covered by bubbles

time mean local heat transfer coefficient for
conduction only
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NOMENCLATURE (continued)

kg thermal conductivity of gas

kp thermal conductivity of a packet

kS thermal conductivity of solid particles
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t time
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packet density

solid density
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ABSTRACT

Fluidized bed technology continues to be of growing interest
in many different industrial applications. The need for dependable
engineering design capability has increased as the applications
broaden. Improved understanding and description of funadamental
mechanisms are required for various aspects of fluidized bed be-
havior. ThiS work investigates the particular concepts of bed
dynamics at the surface of heat transfer tubes submerged in fluid-

ized beds.

A capacitance sensing technique was used to obtain experi-
mental measurements of time varying bed behavior at the surface
of an immersed tube in an air fluidized bed of glass spheres.
From these measurements the following information was derived:
residence periods of packets and voids, time averaged void
fractions, fractional bubble contact times, frequency of packet/
bubble exchanges, and transient emulsion densities. Data were
obtained at various air flow rates for circumferential local

positions around the tube. To the author's knowledge such



fnformation has not previously been available.

It is found that three distinct regimes of fluidization exist
around the tube. These are a solids-dense zone of closely packed
particles at the top of the tube, a heterogeneous packet/bubble
zone at the sides, and a lean, gaseous emulsion zone at the bottom
of the tube. The occurrence of these different regimes depend
upon fluidization flow rate. The quantitative fluid dynamic in-
formation and mean residence time information are used for two
purposes. First, observations are made of the quality of fluid-
ization around the tube. Secondly, local heat transfer coeffic-
ients are predicted by a "packet exchange" model and compared

to previous experimental data.

Based upon the time varying density of a packet during its
time of residence at the tube surface, it is proposed that packets
"squirm" as they contact the wall. The use of time averaged
packet property values in heat transfer calculations is therefore

suggested.

These observations restrict the usefulness of the packet
renewal model for heat transfer, which is based upon a hetero-
geneous packet/bubble regime. The packet renewal model, for
certain velocities, applies only to the sides of the tube where
it satisfactorily predicts heat transfer coefficients. For this
same velocity range, the packet renewal model does not accurately

describe the solids-dense and dilute conditions at the top and
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bottom of the tube, respectively. It is found that the packet
renewal model underpredicts heat transfer at the top of the tube,
and generally overpredicts heat transfer coefficients at the

bottom of the tube.



1. INTRODUCTION

1.1 Applications of Fluidized Beds

Fluidized bed technology is rapidly introducing pronounced
changes into many industrial processes. The good gas/solids contact,
vigorous mixing and agitation, and excellent heat transfer charac-
teristics of fluidized beds make them uniquely adaptable for many

industrial uses. A brief survey of fluidized bed application follows.
1.1.1 Nuclear Indusitry

In the nuclear industry the feasability of incorporating fluid-
ized beds into the fuel processing cycle is being investigated [1].
The thermal properties of fluidized beds allow for economical oper-
ation of process reactions which include: reduction, hydrofluorin-
ation, fluorination, denitration, and calcination. These reactions
are essential for preparing feed material, reprocessing spend fuel,

and disposing of radioactive waste material.
1.1.2 Coal Combustion

Among the most active areas of coal research is the study of
fluidized bed coal combustors [2]. In a fluidized bed combustor,
finely divided 1Timestone and coal particles are fluidized with hot
air which oxidizes the coa]! lTiberating heat and gaseous products.
Sulfur is removed from the combustion gases due to reaction with

the limestone. The heat of combustion is transferred to immersed
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coils or tubes within the bed. This heat is efficiently recovered
due to the high heat transfer coefficients for immersed surfaces in
3

fluidized beds.
1.1.3 Coal Hydrogasigication

Coal hydrogasification has been achieved by fluidizing coal
particles with hydrogen to obtain methane [3,4]. The advantages of
fluidizing this process are several, including: 1) the increase in.
methane production, 2) less hydrogen per pound of coal consumed,

and 3) reduced capitol costs.
1.1.4 Envirnonmental Control

Fluidized beds have proven to efficiently remove sulfur dioxide
from flue gas [5]. This application makes fluidized beds potentially

useful as a pollution control device.
1.1.5 Waste Trheatment

Fluidized beds are a logical choice of oxidation or pyrolysis
unit for solid wastes [6]. There is no residual sludge as in usual
waste treatment processes. The heat transfer characteristics for
fluidized beds allow for greater thermal recovery from this type

of burner as compared to a conventional unit.
1.1.6 Metallurgical Indusiry

The metallurgical industry uses fluidized beds to perform

-5-



drying and separative processes, and for heat treatment of metal

parts [7], [8], [9], [10].

1.2 Heat Transfer in Fluidized Beds

1.2.1 Past Wonrks

As earlier noted, a consequence of the thermal behavior of
fluidized beds is their application to processes involving heat ex-
change. To accommodate fluidized beds as a unit operation for heat
exchange, the thermal design of both the fluidized bed and immersed
heat transfer surface is required. This thermal design demands a

knowledge of the characteristics of bed to surface heat transfer.

The earliest investigations of heat transfer between a fluid-
ized bed and an immersed surface were attempts to fit experimental
heat transfer coefficients to a power law relationship, Nu==A(Re)n
[11]. In order to fit heat transfer data to an equation of this
type required the manipulation of dimensionless parameters. The
result was that the power law equations expanded to unwieldy propor-
tions and became increasingly specific to individual experimental
conditions [12]. Moreover, relationships of this kind for Nu were

nonphysical, being the result of dimensional analysis.

The next generation of bed/surface heat transfer studies were
attempts to describe the mechanism of heat transfer. These studies
produced numerous semi-empirical relations for heat transfer co-

efficient. The more prominent of these models fall into two
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categories, film model and unsteady penetration model.
1.2.1.1 F4i8m Model

In the film model, Leva et al. [13], Dow and Jakob [14], and
Levenspiel and Walton [15] considered that heat is conducted through
a gas boundary layer adjacent to the heat transfer surface. The heat
transfer coefficient h=k/§, is influenced by the solid particles
only to the extent to which they scour the boundary layer thickness
8. The particle scouring action is a function of fluidizing velocity,
u. The shortcoming of this model is the fact that it takes no account

of the thermal/physical properties of the solid particles.
1.2.1.2 Penetration Model

Historically, the penetration or surface renewal model for heat
transfer was proposed by Mickley and Fairbanks [16], [17]. This
model postulates that there is transient conduction of heat from the
immersed surface to "packets". These packets are loosely locked
aggregates of particles and interstitial gas which are carried to
and from the surface by gas bubbles. The heat transfer coefficient
is strongly dependent on the dwell time and renewal frequency rate
of packets at the wall. In addition, the thermal/physical proper-

ties of the packets influence heat transfer.

There are numerous variations to the original model of Mickley
and Fairbanks in the literature. One variation is to evaluate the

packet thermal conductivity based on a heterogeneous two phase

-7-



gas/sound medium [18]. This differs from the effective thermal con-
ductivity of the original model, which is based on mean packet prop-
erties. Other corrections [19] provide for wall thermal contact re-
sistance included in the evaluation of heat transfer coefficient. A
third modification is to consider that the penetration heat transfer
mechanism is due to surface renewal by individual particles instead

of packets [20], [21].
1.2.2 Recent Research at Lehigh

The transient nature of the packet renewal type model requires

a knowledge of residence time behavior for packets before heat trans-
fer coefficients can be calculated. Residence times have tradition-
ally either been 1) arbitrarily assumed [22], 2) artificially im-
posed by stirrers [23], or 3) the mean residence time taken to be
proportional to the reciprocal of the packet renewal frequency at
the surface [16], [24]. An accomplishment of the heat transfer

study at Lehigh University has been to develop a technique to ex-

perimentally measure local residence times [25].

By using the above technique [25] to obtain packet residence
time information, Ozkaynak [26] predicted heat transfer coefficients
for a vertical tube in a fluidized bed. The predicted coefficients
agreed quite closely with the measured heat transfer coefficients
for the same system, providing the residence times were not vanish-
ingly small. For short residence times, it is concluded [26] that

the expression for packet thermal conductivity must be modified to
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accommodate increased packet void fraction near the tube surface.
The Ozkaynak modified packet renewal model successfully predicts
heat transfer coefficients for a vertical tube, for both long and

short packet residence times.

The heat transfer work at Lehigh then proceeded to an investi-
gation of heat transfer from a horizontal tube in a shallow fluidized
bed [27]. Heat transfer coefficients were experimentally measured.
This data was compared to semi-empirical heat transfer correlations
of Vreedenberg [28], Gelperin et al. [29], and Genetti et al. [30]
for horizontal tubes. It was found that each of these correlations
was grossly inadequate in predicting heat transfer data for the
shallow bed’system. Due to the previous success of the Ozkaynak
modified packet model, a study was begun to determine if the modif-
ied packet model is equally accurate in predicting heat transfer
coefficients for a horizontal tube in a shallow fluidized bed. The
subject of this paper is to present the results of this investiga-

tion.

1.3 Scope of Present Investigation

This work considers the packet renewal mechanism for an immer-
sed horizontal tube in a shallow fluidized bed. The object of this
work is foremost to investigate the phenomenology of contacting
packets at the tube surface. Local data around the circumference of
the tube is generated for: 1) packet void fraction, 2) packet re-

placement frequency, 3) packet residence times and 4) packet

-9-



densities. Such data have not been available to date. From the
data, an observation of the effectiveness of surface renewal around
the circumference of the tube is possible for the first time. Sec-
ondly, local and average'heat transfer coefficients are predicted
from the data using the packet renewal model as modified by Ozkaynak
[26]. These calculated packet renewal model heat transfer coeffic-
jents are compared to existing measured heat transfer data [27].
Finally, this comparison permits a discussion of the accuracy of a
transient packet renewal model to describe heat transfer for hori-

zontal tube geometry.
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2. THEORY

2.1 Packet Renewal Concept

2.1.1 Temperature Profile 4in a Packet

According to the packet renewal model of Mickley and Fairbanks
[16], heat is transferred from an immersed surface in a cold fluid-
izld bed to "packets". A packet is an aggregate of solid particles
and interstitial gas, which contacts the surface. Since these pack-
ets are intermittently transported to and from the surface by gas
bubbles, heat conduction into these packets is transient. Heat
transfer []6] is modeled by the one dimensional unsteady state con-

duction equation:

oT _ 927
opSp 3t - Kp 32 (1)

X is a measured positive outward from the surface, and Pp? cp and kp

describe the thermal/physical properties of a packet.

The bed is essentially isothermal due to thorough gas/solids
mixing. Accordingly, the temperature of the fresh packet as it
newly arrives at the surface, is equal to the interior temperature

of the bed,

T(x,0) = T, (2)

For brief packet contact times, only the portion of the packet

directly adjacent to the tube surface undergoes a temperature change.
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Thus the packet may be closely approximated by a semi-infinite slab

[16] with the attendant boundary condition,
T(m’t) = Tb (3)

If the second boundary condition is either: 1) Tw(o,t)==con-
stant or 2) qw(o,t)= constant, equation (1) can be readily solved.

For constant wall temperature the solution of equation (1) is:

T(x,t)-Tb fo [
———— = erfc X 4
T To fiagt “
For constant wall heat flux,
Qy ( .2 (- X% X ]
T(x,t) - T, = E;<l[2(ap e 4apQ]—xerfc [gfggfjgﬂj> (5)

2.1.2 Local Heat Transfer Coefficient

To determine the local instantaneous conduction heat transfer
coefficient for constant Tw’ differentiate equation (4) and dividing

by (TW-Tb) yields

h, =/ 2BP (6)

The mean local conduction heat transfer coefficient over one packet

contact time ep, gives

-12-



Averaging over all packet times, the mean local conduction heat

transfer coefficient is for Tw==constant,

Yh, ©
I e 14
Lo v )
p p

The expression for total Tocal heat transfer also includes ef-
fects of 1) radiation, and 2) conduction to gas bubbles:

EL = hf, + (1-fo)(ﬂ) +h. . (9)

fo is the fraction of time the local surface is covered by bubbles.
For wall temperatures less than 800°C, radiative heat transfer is
negligible. Furthermore, assume heat transfer to bubbles is by con-
duction, analogous to heat transfer to packets [26]. A comparison
of the group(kqufﬁfor both gas and packet reveals that ho may be
ignored. The total local heat transfer coefficient is therefore

given by,

- k p.C Y /o
hL = (1_f0) 2 ppp P
T Eep

Tw =constant (10)

Defining the root square average packet residence time [26] as,
2

X
oy = Z—EJ‘/_; (1)
p

The total heat transfer coefficient is finally expressed as

- k.p
= (1. p’pp _1 -
h, = (1 fO)Z - , = constant (12)



For the boundary condition of constant wall flux, from equa-

tion (5),

/n
N OO S T2 & (13)

Following the same procedure as equations (6) through (11), the
total local heat transfer coefficient for constant wall heat flux
is:

h, = (1-f0) vk cpn

1
L pPp Tﬁ (14)

2.1.3 Packet Properties
2.1.3.1 Vodid Fraction

Mickiey and Fairbanks assume packet void fraction, e, is equal
to the corresponding void fraction of a quiescent bed. The value
of € is approximately equal to the value of void fraction for a
cubic or hexagonal prism lattice of spheres [16]. This suggested
to Mickley and Fairbanks that each particle within a packet is in
contact with six or eight particle neighbors. Because of this par-
ticle contact, the original renewal model assumes that the packet
particles are loosely locked together and do not move in relation
to one another. Accordingly, Mickley and Fairbanks [16] conclude
that in the reference frame of the packet, non-mobile particles im-

ply constancy of ¢ and all packet properties.

-14-



In this work, ¢ is measured for packets contacting the hori-
zontal tube. The location of the packets varies circumferentially
around the tube. An additional variable which influences e, is gas
fluidizing Ve]ocity, u. A list of run conditions is given in

Table 1.
2.1.3.1 Packet Density

Packet density is considered to equal the density of a quies-
cent bed in the original packet renewal model of Mickley and

Fairbanks. Therefore, packet density is expressed as [26]:

op = pg (1-5p) . (15)

since ps(l—ép) is equal to the density of a loosely packed bed.
2.1.3.3 Packet Heat Capacity

The specific heat is assumed to equal the heat capacity of

the solid material.
2.1.3.4 Packet Therumal Conductivity

Effective thermal conductivity of a packet is calculated from
the correlation of Kunii and Smith [31], and Yagi and Kunii [32].
This model for two phase solid/gas thermal conductivity assumes
that there are a]ways particles in contact for even the loosest

packing state of spheres.
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According to this model,
ky = ke * k (16)

ke is the contribution to effective conductivity arising from: 1)
thermal conduction through solid; 2) thermal conduction through the
contact surface between adjacent particles; 3) conduction through
the stagnant fluid near the contact surfaces between particles; 4)
radiation between solid surfaces; and 5) heat transfer through the
fluid by radiation between and conduction in the void spaces. The
term Ee is the effective contribution from heat transfer due to

motion of the fluid.

In references [31], [32]

(1<)

kg = kg [ep + W{—)] i (17)

Equation (17) neglects heat conduction through the contact surfaces
of particles, and ignores heat transfer by radiation between solid

surfaces and voids.

g8 refers to the ratio of the distance between the centers of
two particles, divided by the particle diameter. It is here consid-

ered equal to unity [26].

The term ¢ is proportional to the effective thickness of gas
slab through which heat is conducted between particles. The quan-

tity ¢ 1s evaluated by the expression:

-16-



} o5ty

(18)

x|—

2
zn{K-(K-l)coseo } - Eil (1-cose°) 3

K is the ratio kS/kg and 8 relates to the angle subtended by the

circumferential boundary of heat flow for a particle.

y is proportional to the effective length of solid through
which heat is conducted in a particle. The effective length is
assumed to be equal to the length of a cylinder whose volume is

equal to the volume of the given spherical particle. Accordingly,
_ 2
| Y=3 (19)

To account for heat transfer due to the motion of gas within

a packet,

_ke = aBDngG . (20)

The product aB is taken to be equal to 0.12 for glass spheres.
A summary of particle properties is given in Table 2.
2.1.4 Ozkaynak Modified Packet Renewal Model

Ozkaynak and Chen [26] predicted heat transfer coefficients
for a vertical tube in a fluidized bed according to equation (12)
using correlation (17). The predicted values were compared to
measured heat transfer coefficients. It was observed that for
very short residence times, the predicted heat transfer coeffic-

ients significantly exceed the measured values for h. The
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discrepancy is explained by the unaccounted increase in void frac-

tion for packets of short contact time with the tube surface.

The temperature‘profile of a packet may be determined from
either equation (4) or (5). The penetration depth is defined [26]

as that distance x for which

T,-T(%)
—TVT_T—-—’ = 0.9 - ) (2])

If the penetration depth X into a packet is less than the particle
diameter Dp, the packet cannot be assumed to have the properties

of a packed bed. This is because for short residence times, i.e.
small penetration depth, the total packet void fraction is domina-
ted by the large void fraction of the portion of the packet adjacent

to the wall. The effect of the wall is studied by Kimura et al. [33].

For the above packet, void fraction is described by Kimura:

e =gy - -304 e (5%) 5"— <1 (22)
P
€ = g B"; >1 (23)

Instead of averaging ¢ over the total length of a packet, Ozkaynak
defines effective € for void fraction evaluated at y equals %—.
The increase in e when x is less that Dp, decreases ke according
to equation (17). It follows that k and EL also decrease. In-
cluding this effect of the wall for short packet residence times,

-18-



Ozkaynak recalculated values for EL’ which now closely agreed with

measured h [26].

Due to the success of the correction for Ozkaynak's investiga-
tion, the present study includes this modification for packets of

short contact time, i.e. small penetration depth.

2.2 Proposed Modification

The data generated in this study indicates a further modifica-
tion to the packet renewal model of Mickley and Fairbanks. This
modification is the observation that packet properties are not
constant but exhibit a time variation. The degree to which packet
properties vary depends upon packet location on the tube surface
and fluidizing gas velocity, as will be further discussed in
Section 3.3.1. Because of this time dependence, the expressions
for k_ and p_ as previously developed must be time averaged over

p p
the total time of contact before being used in equation (12) or

(14).
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3. EXPERIMENT

3.1 Test System and Experimental Procedure

3.1.1 Ftuigized Bed Assembly

The fluidized bed vessel is a rectangular tank of .635 cm
plexiglass with cross sectional area of .304 mx .152 m. A brass
horizontal tube of .304 m Tength and 2.54 cm diameter is mounted
at each end on teflon tracks on the inside of the side walls. The
vertical position of the tube is .152 m above the distributor
plat e which is made of sintered steel of average porosity of 10

microns.

The fluidizing gas is air which is provided by one of two
compressors of maximum capacity 3.74x 1072 m3/sec and 5.85 x 1072
m3/sec respectively. The flow circuit from either compressor to
the bed distributor plate inc]ude; passing air through: 1) a
dehumidifier, 2) a nullmatic pressure regulator to maintain con-
stant upstream pressure of approximately 2.06 x 10° N/mz, and 3)
one of three Shutte and Koerting rotameters to measure air flow.

The type and maximum flow rate for the meters used is 1listed

below:

METER TUBE NO.  FLOAT NO. MAXIMUM FLOW RATE

C 5-HCF 54-J 1.88 x 102 m3/sec
E 6-HCF 64-J 2.94 x 10”2 m3/sec
D 8-HCF 83-4 6.27 x 10~ m3/sec
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Pressure drop measurements in the bed are made by positioning
taps axially along the length of the bed. The taps are connected

to a water manometer.
A schematic drawing of the fluidized bed is given in Fig. 1.

The solid material is a .22 m static bed of glass spheres.

The properties of this material are listed in Table 2.
3.1.2 Capacitance Measurements

The capacitance probe in this work [25] incorporates a design
feature not applied before to a horizontal tube geometry, Fig. 2.
This feature is the implantation of two small condenser plates
flush with the surface of the tube, which are connected in series
with a Boonton capacitance bridge. The angular position of the
plates is variable through 360° by rotating the brass tube in the

teflon guides at the side walls.

Optimal condenser plate dimensions and the optimal separation
distance between the plates are determined on a trial and error
basis. The dimensions must be as small as possible to insure that
the area of both plates is commensurate with an area equal to or
less than the contact area of only one packet. At the same time,
the plate dimensions must be large enough to provide a readable
capacitance output signal. The chosen plate dimensions are .388 cm
by .19 cm with separation distance equal to .127 cm. Magnitude of

the capacitance signal is .01 pF.
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A local value of capacitance provided by the condenser plates
is proportional to the value of the dielectric constant of the solid

material between the plates:

C = A/d (24)

"Hie]ectric

However, n varies as the amount of solid material between the plates
changes. A consequence of this is that capacitance vs. time infor-
mation for the probe at any angle, can be directly related to local
time variations in solids density. Determining the time variation
in solids density from the capacitance time history, respective
packet and bubble dwell times can be identified in the signal ac-

cording to the methods of Section 3.1.4.
3.1.3 Digital Processing

The capacitance data is digitized and processed by a PDP-8
mini computer. The analog capacitance signal from the capacitance
bridge is digitized by an analog to digital converter. The digitized
signal is sampled at a rate of 100 capacitance points per second.
Capacitance points are collected for fifteen seconds at a given
probe angle and gas fluidizing velocity. The 15 second sampling is

then repeated five times for the same angle and velocity.

The angular position of the condenser plates varies from 0°
to 180° in 45° intervals measured from the vertical. At each of

these probe angles, capacitance data is sampled for a total of 90
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seconds for each of the air velocities 0.0604m/sec, .125 m/sec,
0.265 m/sec and .781 m/sec. Capacitance data for angles 180° to
360° is not collected. This is because symmetry of fluid dynamic
and heat transfer behavior is assumed on both sides of the tube in

the direction of gas flow.

The PDP-8 performs the calculations necessary for determining:
1) packet void fraction, 2) the number of packet to bubble exchanges,
3) bubble fraction time, fo 4) root mean square residence time, 5)
average packet density and 6) time averaged density. The capaci-
tance data is stored on paper tapes, for the purpose of submitting
it to a CDC computer with plotting capability. Typical capacitancé-

vs. time plots are given in Figures 3 to 27.
3.1.4 Analysis o4 the Signal

The capacitance signal is analyzed by first calibrating the
signal according to an upper and lower bound. The upper bound is
the capacitance value at any given probe angle corresponding to
the plates fully covered by a static bed of particles. The lower
bound is the capacitance value corresponding to the probe fully
exposed to air. The capacitance difference between these two
limits is normalized. Therefore the capacitance value representing

a fully packed condition is 1.0, and that for a bubble is 0.0.

The capacitance signal oscillates between the two bounds.

The excursion of the signal means that the probe is successively
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exposed to packets or bubbles and intermediate conditions between
these two limits. The attitude of this work is to neglect the
possibility of intermediate conditions. The value of the capaci-
tance signal is considered at all times to represent either a

packet or a bubble only.

This binary interpretation demands a definition of packet in
terms of a capacitance value between 0.0 and 1.0. The choice of
capacitance value represents a "cutoff" between bubble and packet
condition. Whatever capacitance level is chosen, capacitance
va]ués equal to or exceeding this level correspond to packet, and
capacitance values less than this level correspond to bubble. The
choice of capacitance definition for packet is arbitrary. There-
fore, three definitions are successively employed to determine the
sensitivity of the values of the calculated quantities to the ar-
bitrary choice of packet definition. These packet definitions
are the normalized capacitance levels: 0.333, 0.500, and 0.667,

as shown in Figure 2.

The justification for this binary approach is the fact that
it has successfully been used elsewhere. For example in boiling
heat transfer the gas and liquid phases are considered to be com-
pletely disparate, describing a separated model. In boundary layer
theory, the effect of viscosity exists on only one side of the

boundary layer, and not the other.
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Finally, this binary approach is justified on the basis of
providing a simple and workable model. From this model, at the
very least, qualitative information and trends for comparison pur-
poses can be inferred, as will be discussed in Sections 3.3.2-3.3.3.
Moreover, considering the order of magnitude of calculated average
and local heat transfer coefficients, indicates that, at least for
this study, useful quantitative information can be derived from a

binary approach.
3.2 Results
3.2.1 Capacitance Signals

Capacitance vs. time data is plotted in Figures 3 to 27 for all

run conditions listed in Table 1. Examination of the plots reveals

three types of signal patterns which are described below.

First a "constant" capacitance signal approximately equal to
1.0 in value is displayed by the probe in Figures 3, 4 and 8. This
flat signal occurs when the probe is at or near the twelve o'clock
position for low fluidizing velocities. The degree of "noise" to
the signal increases with gas velocity until, as in Figure 7, the

signal no longer has a flat character.

The second pattern,as in Figure 23 is a signal which rapidly
oscillates between 1.0 and 0.0 on the normalized capacitance scale.
The mean capacitance value is noticeably lower than the constant

capacitance value for the first type of signal.
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Thirdly, the last type of signal includes all patterns inter-
mediate to the first two patterns. This signal as in Figure 15
does not oscillate as vigorously as the second type, but is not as
"flat" as the first. The mean capacitance value is bounded by the

mean capacitance values of the other two signal categories.
3.2.2 Void Fraction

The time avaraged void fraction of the reduced capacitance vs.

time signal is plotted in Figure 28, corresponding to the following

conditions:
RUN PROBE ANGLE (DEGREE) VELOCITY (M/SEC)
1,2,3 0° 0.060, 0.265, 0.783
4,5,6 45° 0.060, 0.265, 0.783
7,8,9 90° 0.060, 0.265, 0.783
10,11,12 135° 0.060, 0.265, 0.783
13,14,15 180° 0.060, 0.265, 0.783

At the top of the tube, for probe angles 0°, 45° and 315°, the
void fraction successively increases as gas velocity increases. For
probe angle 315°, identical behavior to that at probe angle 45° is
assumed and plotted accordingly. Henceforth in all polar plots, all
points from 180° to 360° are assumed identical to corresponding

points between 0° and 180°, as discussed in Section 3.1.3.

For the probe oriented at an angle of 90°, there is a minimum

void fraction for the intermediate velocity of .265 m/sec. As at
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the top of the tube, maximum void fraction occurs for the highest

gas velocity of .783 m/sec.

For probe angle 135°, a minimum void fraction occurs for the
intermediate velocity as for the 90° case. However, distinct from
. the other angles considered thus far, the maximum void fraction

occurs for the smallest gas velocity of .060 m/sec.

At the bottom of the tube for probe angle 180°, the void

fraction successively decreases as gas velocity increases.
3.2.3 Replacement Frequencies

The number of packet to bubble exchanges is plotted in Fig-
ures 29, 30 and 31 for the probe angle positions and gas veloci-
ties listed in Section 3.2.2. In addition, for each angle and
velocity condition, the replacement frequency is calculated ac-

cording to all three packet definitions, Section 3.1.4.

As gas velocity increases for probe angles 0° and 45°, the
number of packet to bubble exchanges increases from 0 to a finite
value, depending upon the packet criterion used. Since the number
of packet to bubble exchanges is proportional to the number of
bubbles, this trend is consistent with the increase in void frac-

tion at these angles, as discussed in 3.2.2.

For angles 90° and ]35°,-the minimum replacement frequency

as well as minimum void fraction, Section 3.2.2, occurs for the
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intermediate velocity .25 m/sec. This means that when the minimum

number of bubbles occurs, the void fraction is minimum.

The maximum replacement frequency for both 90° and 135° occurs
at the minimum gas velocity. For this same minimum velocity, the
void fraction is maximum at 135°, corresponding to the maximum
number of bubbles at the probe. However at 90° for the minimum ve-
locity .060 m/sec, the void fraction is not correspondingly a maxi-

mum, Section 3.2.2. The reasons will be discussed in Section 3.2.4.

The greatest effect of the choice of packet definition on the
particular value of replacement frequency occurs at the 180° posi-
tion for the lowest gas velocity. Using the "0.333" packet criterion
the number of packet to bubble exchanges continuously decreases as
gas velocity increases. This is paralleled by the decrease in
void fraction as velocity increases, Section 3.2.2. Using the
"0.500" packet criterion, the number of packet to bubble exchanges
remains approximately constant for the range of gas velocities
considered. For the "0.667" packet definition criterion, the numb-
er of packet to bubble exchanges continuously increases as gas ve-

locity increases.

These three different trends are the result of three differ-
ent packet definitions arbitrarily applied to a type 2 signal at
180° and velocity .060 m/sec. The capacitance signal, Figure 23,

is highly oscillatory with low mean capacitance, or density, value.
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Thus, the number of times the signal traverses the 0.333 normalized
capacitance level is much greater than the number of times the sig-
nal crosses the 0.667 capacitance level. This produces the disparity
between the 0.333 and 0.667 criteria replacement frequency shown in
Figure 29. Therefore the contradictory trends in replacement fre-
quency vs. velocity are artifacts of the analysis. Any interpreta-
tions of conditions at 180° for low gas velocity should begin with
the fundamental observation of highly fluctuating density of low

-~

mean value.
3.2.4 Fractional Contact Times

fo, the fraction of the total sample time that the probe is
covered by bubbles, is plotted in Figures 32 to 36 for the run

conditions listed in Table 1.

At probe angle 0°, fo increases directly as velocity increases
above a "critical"” velocity of .267 m/sec. Below this velocity as
discussed in Section 3.2.3 and indicated in Figure 29, there are
zero packet to bubble exchanges. From Figures 3 and 4, it is seen
that at 0° for velocities 0.60 and .120 m/sec, the probe is contin-
uously exposed to packet, using any of the three packet criteria.

Accordingly, there are no bubbles and f0 is zero at these velocities.

For the probe oriented at 45°, f_ increases continuously as gas

)
velocity increases, similar to the 0° case. A zero value of fo at

45° for velocity .060 m/sec is consistent with Figure 29, discussed
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in 3.2.3, and shown in Figure 8.

In Figure 34, a minimum value of fo for probe angle 90°, occurs
at gas velocity .267 m/sec. This is consistent with: 1) the obser-
vation of minimum number of bubbles at 90° for gas velocity .267
m/sec, Figure 30, and 2) the observation of minimum void fraction

at 90° for gas velocity .267 m/sec, Figure 28.

As mentioned in Section 3.2.3, the maximum void fraction for
probe angle 90° does not occur at velocity .060 m/sec, Figure 28,
although the number of packet to bubble exchanges is maximum at
this velocity, Figure 23. 1In fact, the maximum void fraction occurs
for velocity .765 m/sec, Figure 28, since fo, for the velocity range
.060 m/sec to .765 m/sec, is greatest at velocity .765 m/sec, Fig-

ure 34.

For probe angle 135°, f, asymptotically increases with gas ve-
locity, Figure 35. It was previously observed that the maximum
void fraction, Figure 28, and maximum number of bubbles, Figure 29,
prevails for velocity .060 m/sec. However, in Figure 35, it appears
that the minimum value of f, at .060 m/sec is inconsistent with
maximum void fraction and maximum replacement frequency. When a
fourth variable is considered, i.e. average packet density, Fig-
ure 35, it is seen that packets are less dense at velocity .060
m/sec than at velocity .765 m/sec. This accounts for larger void
fraction at .060 m/sec than void fraction corresponding to .765

m/sec, Figure 29.
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For probe angle 135° at velocity .267 m/sec: 1) void fraction
is minimum, Figure 28, and 2) replacement frequency is minimum, Fig-
ure 30. These observations are consistent with minimum fo, for the
velocity range .267 to .765 m/sec, corresponding to velocity .267

m/sec, Figure 35.

fo asymptotically decreases as gas velocity increases for probe
angle 180°, Figure 36. This is paralleled by the decrease in void
fraction with increasing velocity, Figure 28. This trend is also
consistent with the decrease in replacement frequency for the 0.333

packet criterion with increasing velocity, Figures 29 to 31.
3.2.5 Resdidence Times

In Figures 37 and 38 for probe angles 0° and 45°, the root
mean square residence time, equation 11, decreases as gas velocity
increases. This is because the number of bubbles increases dramat-
ically as velocity increases, indicated by Figures 29-31. The im-
plication of more bubbles in the total span of the sample time
is that packets are carried more frequently to and from the probe.

The greater the packet replacement frequency, the smaller o

é with velocity for

angle 90° is inversely proportional to the variation of replacement

Similarly in Figure 39, the variation of ¢

frequency with velocity, Figures 29 to 31.

Distinct from the previous cases, at angle 135°, the root mean

square residence time vs. velocity behavior, Figure 40, is not
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inversely proportional to the replacement frequency vs. velocity

behavior, Figures 29 to 31.

The maximun residence time at 135° occurs for velocity .060
m/sec. This is because, as Figure 1B indicates, the individual
dwell times of the packets are small. Vanishingly small packet
dwell times produce a small value for the denominator, :fgg .
the expression 9;. The result is a large numerical value for e;

‘or

at velocity .060 m/sec.

For the probe at 180°, the asymptotic increase in root square
residence time with increasing velocity, Figure 4!, is inversely

proportional to the variation in replacement freguency.

-

3.2.6 Avewage Packel Jomsciteos

As a result of the flat or tending to fliat capacitance sig-
nals, Figures 3 to 12, the average packet density at 07 and 4%°

are high and relatively invariant with velocity, Figures 42 and ¢:

For both 90° and 135°, Figures 43 and <3 indicate a local
maximum in packet density corresponding to velocity .267 m/sec.
This is consistent with the minimum void fraction at 30° and 135°

each occurring at velocity .267 m/sec.

In Figure 49, void fractions for 90° and 135° at .765 m/sec
are greater than the respective minimum values at .267. However

in Figures 44 and 45, packet densities at .765 m/sec are equal to
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or greater than the corresponding densities at .267 m/sec. The
inconsistency arises from void fraction calculations integrating
over the total capacitance signal, and packet density calculations
integrating over the "packet" portion of the capacitance signal
only. If the bubble durations, Figures 34 and 35, are considered,
the void fraction and packet density behavior at 90° and 135° are

compatable.

The increase in packet density at 180° as velocity increases,

Figure 46, parallels the decrease in void fraction, Figure 28.

3.3 Applications to Heat Transfer Model

3.1.1 Packet Properties

The expression for heat transfer coefficient according to the
packet renewal model, equation 12, is a function of certain thermal/
physical quantities of a packet. These quantities include the fol-
lowing: 1) time averaged packet density, 2) thermal conductivity,
equation 17, based on time averaged packet density, 3) fractional

bubble contact time and 4) root mean square residence time.

The mutual variation of kp, P e; and fo vs. probe angle for
gas velocity held constant at .060 m/sec, .265 m/sec, and .765 m/sec
respectively, is plotted in Figures 47 to 49. The increase in fj
for increasing probe angle tends to decrease HL’ equation 12. How-

ever, the decrease in 6; vs. angle tends to increase h The ef-

L
fect of decreasing thermal conductivity and packet density for
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increasing angle is to decrease RL'

The varfation of k., o, e; and f_with increasing velocity
for fixed probe angle of 0°, 90°, and 180° respectively, is plotted
in Figures 50 to 52. The opposite trends in f, and e") with increas-

ing velocity oppositelyeffect h according to equation 12. Time

L
averaged packet density and packet thermal conductivity generally

increase with increasing velocity, tending to increase RL'

In summary, depending upon the fluid dynamic behavior of the
bed at any given angle on the tube surface for any given gas ve-

locity, one of the effects of pp, ep or fo is dominant. Whichever
of these effects is dominant, primarily determines the value of

local heat transfer coefficients.
3.3.2 Llocal Heat Trnansger Coefficients

Using the generated data for root mean square residence time,
time averaged packet density, and packet thermal conductivity,
local heat transfer coefficients are predicted by the packet renewal
model, equation 12. The experimental error associated with these

calculations is approximately 20%.

Figure 59 is a plot of calculated heat transfer coefficients
for maximum gas velocity u=.783 m/sec. An approximately uniform
distribution of heat transfer coefficients is obtained around the

tube, for any of the three packet criteria. At each of the angles
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considered, the percent deviation in calculated heat transfer co-
efficient for the three different packet criteria is less than 33%.
Qualitatively, this predicted heat transfer behavior for a horizon-
tal tube with high fluidizing gas velocity supports experimental
observation [34,35,36].

For intermediate and low gas velocities, there are results
from previous experimental work to measure heat transfer coeffic-
fents around a horizontal tube [34,35,36]. The results of this
wbrk show that the site for maximum heat transfer activity on the
tube surface is the 90° position. Moreover the local minima in
heat transfer coefficients exist in the upstream and downstream
positions. However the local minimum at 0° has been measured to

be smaller than that at 180°.

In the present study, predicted heat transfer coefficients
for intermediate velocity u = .521 m/sec are shown in Figure 56.
Heat transfer coefficients for the 0.500 and 0.667 packet criteria
confirm the experimental findings [34,35,36] discussed above. For
u = .52 m/sec, the maximum percent variation in heat transfer co-

efficient predicted for the three packet criteria is 40%.

Calculated heat transfer coefficients for u = .265 m/sec are
plotted in Figure 55. Heat transfer coefficients for the 0.667
packet criterion, produce the trend predicted by the measurements
of earlier experimental work [34,35,36]. The maximum percent

variation in heat transfer coefficients calculated for the three

-35-



packet definitions is 95%, at gas velocity .265 m/sec.

For u = .125 m/sec and u = .060 m/sec, experimental heat trans-
fer data for approximately the same flhidiéed bed system as used in
the present study is available [27,37]. The differences between the
two systems include: 1) a difference of .076 m in static bed height
and 2) a difference of .076 m in tube elevation. Both the static
bed height and tube height are lower for the bed used by Chandran
[37] and Baker [27].

Predicted and measured heat transfer coefficients for u = .125
m/sec are plotted in Figure 54. For probe angles 0° and 45°, the
packet renewal model underpredicts heat transfer coefficients. At
90°, the predicted and measured heat transfer coefficients show
agreement to within 10% for the 0.667 packet definition. However,
the packet renewal model overpredicts heat transfer at 135°, as
shown in Figure 54. Similarly, heat transfer coefficients at 180°
for the 0.333 and 0.500 packet definitions are overpredicted by
the packet renewal model. But, for the 0.667 packet criterion at
180°, the calculated heat transfer coefficient underestimates heat
transfer. The maximum percent variation in local heat transfer

coefficients using the three packet definitions is 77% at 180°.

For u = .060 m/sec, the packet renewal model underpredicts
heat transfer at 0°, 45°, 90°, and 180° as shown in Figure 53.

At 135°, the packet renewal model overestimates heat transfer for
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the 0.500 and 0.667 packet criteria, but underestimates for the
0.33 criterion. The maximum percent variation in calculated heat
transfer coefficients using the three packet criteria is 179% at

135°.

3.3.3 Average Heat Transgen Coefgicients

A
Average heat transfer coefficients for a horizontal tube im-

mersed in a fluidized bed are measured by Baker [27] and Chandran
[37]. The differences in these respective fluidized beds and the

present system used in this study are noted in Figure 58.

Using the packet renewal model, average heat transfer coef-
ficients for the entire tube surface are calculated assuming con-
stant tube temperature. The variation in average heat transfer
coefficient vs. velocity is plotted in Figure 58. Baker's and
Chandran's dataare included in Figure 58, and compared to the

calculated heat transfer coefficients.

The calculated average heat transfer coefficients are bounded
above by Chandran's extrapolated data. The calculated points are
bounded below by Baker's data. Figure 58 suggests, at least for
this study, that the packet renewal model does give reasonable
order of magnitude prediction for average heat transfer coeffic-
ients. However, the agreement between predicted and measured data
does not necessarily suggest that the model is physically correct.

The reasonable values for calculated average heat transfer
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coefficients may be the fortuitous result of cancellation of errors
of the predicted local heat transfer coefficients as they are aver-

aged around the tube.



4. CONCLUSIONS

4.1 Character of Fluidization

4.1.1 Interdependence of Properties

The fluid dynamic properties of void fraction, packet replace-
ment frequency, fractional bubble contact time, root mean square
residence time, and average packet density vary dependently around
the circumference of the tube. These properties are a strong func-
tion of angular position on the tube surface and gas fluidizing
velocity. Moreover these properties mutually influence heat trans-

fer characteristics.
4.1.7 Bubbfe Production

The data for packet replacement frequency, described in Sec-

tion 3.2.3 is explained by two sources of bubble production.

Source 1 arises from the obstructed gas pocket at the bottom
of the tube [38]. The gas film is shed at the sides of the tube
in the form of bubbles.

In Section 3.2.2, it was shown that at 180°, void fraction
decreases with velocity and packet density increases with velocity.
This means that the gas pocket of Source 1 becomes more dense and
less effective for shedding bubbles. A result is the decrease in

the number of packet to bubble exchanges as velocity increases at

180°.
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Source 2 for bubbles is the distributor grid [39]. The number
of bubbles evicted from the distributor varies with velocity accor-

ding to:

uA = umfA + nvb

The increase in number of bubbles with velocity explains the increase

in bubble activity at 0° and 45°.

It is seen that these two bubble sources behave oppositely with
increasing velocity. Therefore it is possible that the competition
of the two will produce a minimum amount of bubble activity for
some intermediate gas velocity. This is in fact the case at 90°

and 135°, as discussed in Section 3.2.3.
4.1.3 Regimes 0§ Fluidization

The signal 1 pattern of capacitance vs. time behavior, Sec-
tion 3.2.2, corresponds to an environment of: 1) high density,
2) low void fraction, 3) negligible to zero bubble activity, and
4) maximally large residence times. This kind of environment per-
tains to 0°, 45° and 315° for low velocities. A fluidized regime

with these characteristics is described as solids-dense.

The signal 2 pattern of capacitance vs. time behavior, Sec-
tion 3.2.3, corresponds to another type of fluidized regime. This
regime is characterized by: 1) highly fluctuating density of low

mean value, 2) high void fraction, 3) extensive bubble activity,
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and, 4) vanishingly small root mean square residence time. These
characteristics describe a disperse zone or lean emulsion of gas
and single particles. This regime prevails at the bottom of the

tube for low velocities.

The third type of capacitance vs. time signal, Section 3.2.1,
refers to a third fluidized regime. This regime includes all fluid-
ized states intermediate to 1) a highly solids-dense condition and
2) a low densit;i gaseous emulsion condition. All the intermediate
states exhibit, in combination, both features 1) and 2) in varying
strengths. Therefore all these states are characterized by some
degree of inhomogeneity. At 90°, for intermediate and high gas

velocities, the character.of fluidization is greatly inhomogeneous.

The above argument for three regimes is paralleled by the
flow pattern in a heated vertical channel. In the single phase
liquid region at the lower entrance to the channel, the mass qual-
ity equals zero. Here the liquid is heated to the boiling point
temperature. The quality increases as more heat is absorbed by
the liquid as it flows upward through the channel. Bubbly flow,
slug flow, and annular flow successively occur at higher eleva-
tions in the channel. Eventually as the quality approaches unity,

drop flow is established.

In this present study, the fluidized analogy to the single

phase liquid region is the dense zone on top of the tube.

-41-



Fluidized states of varying inhomogeneous character of the third
type of regime, correspond to the bubbly flow, slug flow, and an-
nular flow regions. LlLastly, the disperse emulsion zone at the
bottom of the tube corresponds to drop flow in the heated vertical

channel .

4.2 Validity of Packet Renewal Model

4.2.1 Character ¢4 Packets

The capacitance vs. time plots indicate that the capacitance
signal is not constant during any defined packet contact time.
The variation in capacitance reflects a time variation in packet
density. Changes in packet density are the result of changes in
packing state of the component particles. But any variation in
packing state is produced by relative particle motion within the
packet. This relative particle motion physically suggests "squirm-

ing" packets in contact with the tube surface.

Originally, Mickley and Fairbanks assumed that a packet is a
loosely locked aggregate of particles of zero relative velocity and
constant void fraction [16]. Therefore, a squirming packet is a

significant departure from the previous notion of a packet.

The expression for local heat transfer coefficient is derived
by summing heat transfer to individual packets. Since packet den-

sity and packet thermal conductivity vary during the time of heat
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conduction to these packets, the appropriate values to use in equa-

tion 12 are the time averaged values for °p and kp.
)
f

The case for time varying packet properties is suggested in
Reference [24]. However the argument in the present study is strong-

er because of the improved capacitance probe used.

Packet properties o kp. and e; are sensitive to the choice
of packet definition. This study indicates that the minimum den-
sity value which defines a "packet"” is not a matter of arbitrary

choice.
4.2.2 Heat Transfen and Regimes of Fluidization

Qualitatively, heat transfer coefficients calculated by the
packet renewal model compare favorably with observed trends for
intermediate and high velocities. This observation holds true for

packets defined by the 0.667 criterion.

At low velocities, measured heat transfer data is available
for comparison with calculated heat transfer coefficients. It is
observed that calculated local heat transfer coefficients favorably
agree with measured values when the local regime of fluidization is
relatively inhomogeneous, as at 90° for velocity .120 m/sec. How-
ever, calculated local heat transfer coefficients do not agree
with measured data when the local regime of fluidization is solids-

dense or lean emulsion condition.
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This lack of agreement arises from the assumptions inherent
in the expression for heat transfer coefficient based upon a packet
renewal mechanism. The analysis for local heat transfer coeffic-
fent, Section 3.3.2, includes the unsteady conduction of heat into
packets of finite contact time with the surface. The contact time
is assumed finite since packets are presumably knocked off the sur-
face by bubbles. If the fluidized environment does not display
the characteristics of surface renewal behavior as for type 1 and

2 regimes, then this analysis for BL is not valid.

At the top of the tube for low velocities, heat transfer co-
efficients calculated by the packet renewal model underpredict heat
‘transfer. This is because the calculated heat transfer coefficient
is based upon a packet renewal mechanism, yet no packet renewal
mechanism exists at the top of the tube for low velocities. As
discussed in Section 4.1.3, the type 1 fluidized regime which pre-
vails at the top of the tube, is a dormant, dense zone of solid

particles.

At the bottom of the tube for low velocities, most of the cal-
culated heat transfer coefficients overpredict heat transfer. Again,
this is becayse no packet renewal mechanism takes place. Instead,
the environment is a type 2 fluidized regime of lean, gaseous emul-

sion.

In summary, the packet renewal mechanism applies to the fluid-
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{zed regime at only certain local positions around the horizontal
tube. Only at these sites, does the packet renewal model adequately
predict heat transfer coefficients. In spite of this limited app-
licability, the packet renewal model, at least for this work, ap-
pears to reasonably predict average heat transfer coefficient.

This may be due to a fortunate cancellation of errors in the ex-
pressions for local heat transfer coefficient as they are averaged

around the tube.
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5. RECOMMENDATIONS

5.1 Heat Transfer Mechanism of Homogeneous Regimes

The results of this work suggest further topics of inquiry
relating to the mechanism of heat transfer for a horizontal tube
in a fluidized bed. In order to successfully predict heat transfer
coefficients, it is necessary to determine the processes around
the tube by which transfer of heat is achieved. The present study
indicates that heat transfer by packet renewal takes place at only
certain tube positions for certain velocities. This study does
not investigate the mechanism of local heat transfer from those
sites on the tube exposed to solids-dense or lean emulsion fluid-
ized environments. Descriptions of these mechanisms are required
to formulate a physically complete and accurate analytical model.
Therefore, investigation of the mode of heat transfer to the homo-

geneous zones is recommended.

5.2 Multiphase Thermal Conduction

The calculation of heat transfer coefficient by the packet
renewal model requires an expression for packet thermal conductivity.
This thermal conductivity must necessarily be calculated for a multi-
phase medium since a packet is composed of solid particles and inter-

stitial gas.

The model of Kunii and Smith [31] and Yagi and Kunii [32] was
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used in this work, Section 2.1.3.4. This model evaluates thermal
conductivity for a gas/solid two phase medium. In this mediun,
Kunii's model assumes there is always some extent of particle to

particle contact, which depends upon the particular packing state.

The present work concludes that packets at the bottom of the
tube are dilute with high void fraction. For these cases, the
thermal conductivity of a very low density packet may not be ade-
quately described by the Kunii model based on touching particles.
Specifically, if the particles are not in contact with each other,
the terms $ and 8 in equation (17) are increased. Both 3 and 3
will increase since they are a measure of gas thickness between

neighboring particles.

The refinement of Kunii's model for a dilute medium will
effect the values for heat transfer coefficients at the sites ex-
posed to dilute packets. Moreover, the use of different existing
models for two phase ke will influence the final values for calcu-
lated heat transfer coefficients. These effects should be inves-
tigated, since an accurate model for two phase ke is required for

accurately predicting heat transfer coefficients.
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N

TABLE - 2

PROPERTIES OF SOLID PARTICLES

Quality of Particles

GT-2 Tech. Qual.
Glass Beads

Mean Particle
Diameter (cm)

Yariance (cm?)
U.S. Sieve Size

Particle Thermal
Conductivity
(watt/m°K)

Particle Heat
Capacity
(3/kg°K)

Particle Density
(kg/m3)

Bed Void Fraction
Loose Packed
Dense Packed

Bed Density (kg/m3)
Loose Packed
Dense Packed

Minimum Fluidization
Velocity (m/sec)

0.024

6.01 x 10°"

0.89

0.75

2467.0

0.390
0.352

1504.0
1598.0

0.058

-49-




uotiviusmniieuy pue sniwledde TejuswiIedxs 8y}l Jo weiBelp #oTd - T 2InPrg

HILHIANOD HILNdWOD
IVLI0IQ  ——— INIW
01 901VNV 8-dad
[ w3aLaw g NI IV

_uuzqtu<a<u®

S

t C

o

C H p}
_ r .|
|
|
2N\
bt 7
IVYNIIS | \\
3ONVLIIDOVLVYD - /s
umoma.\\\ NO1173S
3ONVIIOVEYD 1531

v

1N0 wuiv

YO01v1INo3y

JYNSS3Yd
4

X (@

3174
110

7
;

SY3L3NVLIOY

O

Yiv
Q03SS3IYLNOD
K

ANVL

AlddnNs
i
Y313J10IWNH3Q o
D

Y3114

10




COAXIAL —. _

SHIELDED ] [
CABLES \\'\ - ’4
O ‘
‘ J ﬁ j
- BRASS TUBE - ‘ ]
, 4
4 o )
\/ ) ,A
4 "
j ]
! F o I
| - PLEXIGLASS —~_ b 1]
i /. ~ Ab\ k\\‘"
AN =S N~E
@ N N
N \ &
o | B~ - grass Plw Py
_ . [ )
| ELECTRODES : N
' < 3
| 1 n?:/
| 1 Y
g 4
/
d 1
2.22cm—1t1Te /
d ¢
- |
INSIDE FILLED — |/ 1
\ WITH CEMENT ¥ L
% ]
% 1
%
2.85cm = ——2.54cmte—

¥igure 2 - Cap=acitance probe

=5]l-

/
{
AN

IO 16cm

I0.16cm




WLy "FA TnuZyn ~otipTodnp - ¢ sanTrg

228 /0 00°0:£17100T9 ,0=°13uy

v
YY)

(03T) »ut

00°1~-

ocC 00°¢ 00°Y 00°¢ 00°2 00°T
4 A 1 i
I8 - = ——— — = -=
Ceto T T e T mTTm T s T
005°0 T -
L99°0 —— - —-
A AN~ .\.\.;\\J L OO A - - <.)\...:!i(: N _.1):(...%) AASRAL AN ,/.,.(\:.yz\.f\::\

panon”t

~00°0

aouerytoede)n

00°T

-00°2

-52-



wueilyocfen -

vy 9and1 g

AWT L ‘SA Tnulic
0380 GZT'0=K1T00T3A OOHuamct
(973) ~wTg
0C'2 C0°G 00°Y 00°¢ 00°2 00°T 000
1 | L i 1 1
I7¢C
eeet o T o -
coGe'o
L29°0 — — T T
CeA m M Pt ,r.!./.!\.\...ﬂ.. /Z'»‘(\f),_. v . N .\.r}/..b\, .)>,.>, ‘J\ Dy .».\.\,/./\( J\\,.v_;ﬂxx.\//.v\
pagomt - - - :

00°0

-~ 00T

- 00°2

f00°¢

Iouglrto=den

-53-



PUTL °*SA Tnu?ig 80u~1TOo Iy - ¢ 2aIniYT
935 M Ga7*0=A1T00T3A oonoaws<

(00G)Y 21YT,

co°a N0°S 00"y 00°¢ 00°2 00°1

1 L 1 1 t 1

00°0

00°0

00°2

00°¢

Jousytornden

-54-



9WT] °8A TBUITS Boumylyoeds) - 9 INITQ
93s /1 133G °0=A3T0071aA 00=3T13uy

(doa6) sury,

cc'o cr'g 00°Y 00°¢ 00 00°T 000

1 1 ) 1 i | 0 T

Itw e
¢Ee’o

00G°'0 i -

L99°0

paxoed ———— — -— 70°T

40072

ou=1t10EfRE)

-55-



SWY °8A Twudyg edoueviyowndw) - 4 aIndygy
053 /U ¢pytCc=K1T100T0) oonaam:<
(008 nuwty
Ce'o 0.°¢ oLty cc' e co™z 00°T co°
i i | 1 )|
_ ] _;
Sl (e et kil e
A | “ . I
ccotg - ilcl.._.m,:.sli,-,.l. .i.... Al _.x _
' { , Pl ‘. ﬂ
o ot ] (W e | —
/ RN AR RN Y ’ ‘ pmm s VMTATTITT -
VYN e n \ M _f:: | /:ii | ﬁ ﬁ
pI¥oed ——— Y R !

00 "1~

o0

TL

00 *

00

(@]

aTovde

a20u-

-56-



dWTI °8A TWuByg 9douelIdow’vw) - g AINITJ

a8,/ 020 (=L1T00Tos Oy AT Uy

/ o
Auvnv ouT Y
ST S S 0o GO (CrT coe
A i A L L 1 @)
Ite m
¢eeto T TooTT o e T
o )
00¢°0 T T T 3
C
hoo L O e e o —— s e m ———— e i - - . - -
E..&ha\%fi}f\g " o Aphrdg >,. PN
s WM A g .
paxoud .
O
o 1~
0.
O

-57-



{

SWY ] °sA TwUITG eouelIovdy) - § INITJ

O n anTte=faT00Tos a0 y=aT Uy

(S

(oud) »its

m)..). r\‘-) 0,)\.0., mm,.ﬂ OC.H OO.H OO-Q
A i 1 1 1 4 cmto-
\ L]
IYe — .!W Tt T T T T T T T 00°0
‘ -0
¢ce'o - T -.-tll.ﬁ ......
——— _— _IAl lllll - e .D
0CG°0 D
- -
L99°0 i--!!i|i4lﬂW|lll,!il{.¥s!. L0
) sy ) , Y , T DY ! A A |
e i d e P Lo
paxoed -~ ~— - — e e m 00°1
=-Co° T
L0C° T

-58-



9WYl °‘sA TvuIy}g aouev3tvowvde) - QT INITJ

°%8,m ¢93°0=£1700TapA ,G¥=3T3uy

(988) 8wty

00°9 00°¢ 00°Y 00°¢ 00°2 00°T 00°0
A i i 1 )| i 0% ‘0~
s b u., e TOO oo
tpe o “
o | w J
ceg” o-114;4 & T i .
l. e i e e v e - : et e —t0G *0
00G° 0" .m , i
L99 ", .4- Y..éﬁ%fai{iw Pt PV i@ gy Bt 7§ o
paNoRd ———— -— - s —m —— e 00°T
oG T
L00 ° 2

soueltoedsn

-59-



WYL 6A Twuldya ~ormrn-Ing - 11 9andy g

9a3 M 156 0=£11207137 ,Sy=213uy
(03s) 2uwyy
00°Q 00°G 00°Vv 00°¢ 00°5 00°T 00°0
A 1 1 1 L . 0G°0-
165 _ _ 00" 0
| w ‘ ! [
nlaladen ., | |
L , N i 1050
CCS"0 . H Ry | [i
) Y o > , o | . wA # _r~ = i o b o R
bo,.:_ﬂ, ..: (A <.,;.>,..n_ <E,._ y NI \‘ r&#,r. &k . ».\._,‘\ _.2 :\ i ,M MY t v
: v ¥ : R .
5 3t i 20°T
10G " T

00 "3

soueltrtorden

-60-



QUTL °B8a TRUJTC OBULYTUELY) - T 3InIT g
035,W  ¢EL°0=K170070op ,Sy=21duy

(096) wuwyy

0cC’9 co°g COo"y 00°¢ 00°2 00°T 00°0
i A 1 1 4 l
T i T ﬁ -
. | _ :
) W | [
y o - = . 1 ; ;
,F.«J. ‘C . U . ; JN \ ﬂ‘ ?, .
_ . e g ik — ! e -
n‘. . ———— g e S - » ] ’ _ + - r H , _
205°0°" ) T 7 AN ISR
.».n.m@..o- B ' T o vt o ﬁ‘ VT _,. f " \./J_ o ,_.‘V .M],wff
.. ‘_ .. ' Y .—f \_ b} | .\ 5
VRS T T i \ W

0G6°0-

00°0

0G°0

00°1

0G6°T

00°2

06°2

aosuriltowdun

-61-



uu«u..pamcmﬂmooruuaoJLJonnagusmam
drC A 9aQ - £1T00T2) ooonwamc:
(053) oury

CotY oot 002 00°T 00°0

CeryEc e -

. , _ |
~ | : “_ ; i “
, *

Coyty T T T T I HOEATE A
L. ——pe — e + et .
S — 1T T T o
LS990 : T T T T T | T T
, by . S .\ ..( : ,,...w~ v 1; - ,ﬁ L iy m I _ _ J m A ‘ § '+ .
y 0y | | _ r_i_; SL°0
—yperod T \ I.1§ - ._x.m}.l' f-..(-l-_* ﬁliw I
. o FT v oot

G2°1

Jouertoeden
-62-



auty °*sa Teulyg noueitoude) - pT 2anIpJ

Dot DT TN ooy
/ Con 20T 50 :
ae | .
\ s e
I.vsv - ﬂ"d. AA .H r\f\.l..'\.\/.
- 1 I\ 1 C
(@)
[
;o
ﬁ
_ (@)
) — c— - e .. — 1- C
7L [ ﬁO 9
M o
-
|
i (@]
i o N
i &» M“.
cente \ S S
! ' AL ° 8
, I\ , . *
~ . —-y - ——t e v — ——p . - C
coc’c ; . P o / W ﬁ: _ o
. , ool 7 o , Loy, . . Q, .
v . R . A 5,rﬁ.<iﬂ R
LG9 T T T T 7
i w, \ \,\
) \ k
I
pavoud o
&)

-63-



WYL °"8A TBUBTS adou=yivowden - G 9andT Qg

00S W g9 C=£1T10078,  ,0A=0THuY

(onAz) amty,
cto Trtn CCL*Yy reg .- . .
i I\ A < M. o -. oc H 0o OON.OI
" o
; | Lo d , AN
e B T T 00°0
.. § ﬁ A “ v_ m
_ (A U G2 °0
CCE'0 —ero — k | \ ‘;-1
) i y _ m i
. -M ‘ .# “ : ‘l,_ H - d r.-. ._.%-nl ..lllI.lI-l.r'O.noO
006°0 o .: ,: o , ; ﬂ “, |
AN N RN (1
0 R e w

paxoed “e

-64-



UWTL "AA Tuufyg 3douzitorde)y - 91 9anfrg

S T Lt ofatonTA ST
) "
,\\r, H T T
( X
., ‘ .~ r ® = e N ) '
/ ) ,N { h:‘ - x\. 4 )A; Q

170 _ 2y - _ w , { I!-L.rlnv 00 °0
R L ,
[ ‘ ! ’ - \I\.\-
. L 1 i 8 L_ 0
. , \ : ]

]

| ﬂ elohis

NiE
‘

- 0G°T

oourjronde)
-65-



POYI *SA Tvufig founytorig)y - LT eanfry v

. v‘ !
. 1
—
.
[}
[
T e =
| :
a.‘ .v;
. * .
R
A r— .
0% O— } i o
99°9 ;
“ 3
, rl\
(]

b}

o

ol

-66-



9TV, “SA TMUPIg AnNu1ordng - g7 3InITg
938/a  000°0<K1T20TPA  ~ET=ATAuUY
(098) SuyrT
oc Y 00°¢ 00°2 00°T 00°0
:a_—ﬂ - - Y U - 1 _F _J oo .O
/ ‘_. .,» \ i 5
“....N _ A,_.>., . ‘M“ oo v ;_ __ __r/ﬂ_ﬁ
S Y S L TS S S T W SRR N ISR
AR ¢! to * by ‘ f,,:: Yy ”,__.4_kt
| _ SRS RS AR RV RTHI (LN R
o«-u o.ﬂmoo.! - _ . .w., , o , ! ﬁW, , :,: | M ,rﬂun.l_\o,rp‘_,..vﬂ,..,x_,ﬂ,__,,.f«, __ m,:_ O O
U e b e e e e e
TG I P N P R T B I R U Ry
“. _." ._x..,‘_. _ 1 *_q__‘<<wd"“.. /Ldu ) ,.A i,“ ! i § .._‘
pazon

00°T

L 0G°T

aourytonden

-67-



WY1 ‘A Tnulyc ouriyo-drn - g7 2an31g

095 W STUTC L1iToios  oQT o1y

1 ») 1 .bi
. f A | | iy ;
11v - ’ ' PR
i ; S _ T |
.._ _ A ) m i _MA ! __ ,,A ” |
| P Cro e a
PR R L RSN DRSS A LA MOERE

| ﬁ - ,

L) Il‘vtlv~,0.. — bt w _ , '

0CG*n | | o T
vl £

-68-

L9904 . e

30100

paxoni -




awyy °*S8A Tuvufyc aouctyocder - QF dandrg
da8/u G9z'0=K3To0T3A  GET=2T13uy

onmv 29U ],

o'y co°¢ cH'C 00°1 00°0
1 1 | ! mnm.N.O|
o | F00°0
XY T .4,._ ; |
1 “ __ ! i "
: _ Ce ) | l - G20
. SN S | i _ - A = - ,
€3¢0 L ] ) / L g ﬂj .
ong 11— - ,ﬂ - oA i, _ L L L+ 0670
g ‘ T T T
") ) R ] Co o ; < AR \ 1 L .
S { M \ ii___ f,,_, __.\Cﬂ J v J A GL 0
I K ﬂ !
T o LR A | \| o
s L1001
drgoAt—

L G2 T

soueyrtoude)

-69-



8WYY °SA

007.\8

00°¢

TRUlTg A0n-1YoBiT) - T2 aInITJI

[

16 0=£3100724  goT=973uv

(03~) =oY1g
007

00°T 00°0

' ' : Gz 0-
17T 0 - 00°0
) v : _ . i ot w r, M ! _“ ;_:_.,,_ Y b
ol ) ﬁ _., ' H i _,,‘ ,1‘ N
‘ | X | R P ":_ A, ~_M__ i_w : i __,m ; - G20
N T - T e L R RLER
R T T
) — - . N’_l“l_'Lllltll<\'|<_H.|4F' e ‘ S - ¢ .lomoo
cortt T o e e e I
L)1 o o — 7 o ,,F : i , .
- | | SRS RTRTE TN YT

| | ﬁ;i} “__
J . , | ﬁ . : " I o #;.ﬂ‘ y
SRR . ! , . Voo by o |
vo4u4&wﬁ - ;HJ“”_ _ wm_ F_ “,Tl ” i s / f%*wwﬁﬁx ﬂ ~00°T
h b Y V \ _‘, ,“_ i
| | M L LG22
w B

30usitoeden

-70-



dwyy °8A Tuwudyg 2ouriycader - zm aandyg

°38/3  ¢8(°0=K17120T2p _GeT=oTTuv
(o925) s3Smig

(VY]

00°¢% ce'¢ 0Cc*Z 00°Y

00°0
- mN.Ol

00°0

']
N

[
[®)

0G°0

00°T

. ST

ou=2q10 Ju2n

-71-



W] °8A Twudyg oourytondv) - €7 2aANIYT

238 /0 90°0=K31T2013A oom?ﬂwi

(oag) anty,

00" 00°¢ 00°7 00°T 00°0
i | 1 '
. . . ‘~ ,
e ie e o T . —H
vt:«u_ ‘ . _<_J~ ) i . M
I | | (-
T | M SR P EERO RTINS
SO — _ 1 — N
| il SR )
0T, " e
i m. : ._4 - ‘ _”“f"
7970 ~ , | ’1_
L3 ﬁ,
ERER

Gz 0~

00°0

Gz2°0

0G°0

SL°0

00°T

G2 1

souzriytonden

-72-



cmyy toa Yeudys 9doumtt-l g - vy oaanlyd
oAt A1 T 0=KA1T00T0A oomauvamc<

(o28) "mT]

(%3]

oo oc°¢ 00°¢ 00°T 00°0

1 1 I 1 Gz *0-
: | ! _ _ ’ L
||q‘|!|.|0l‘l.....‘lo_ —t . l”m.i..l..l. Lo _ ~—l w_ M&erO-O
REAE N R _A___ e ot
N N S T R LA e
ERS t IR
o perem o — | . SN L O P S| IS RIS S0 I N U It 1l .
e QQ( g \ . : . “ VL | » #_v_, - _.F‘ __ : 1 _ 0 \,V._. J - 0G0
“ . .olt‘. - e ba — L_ : |,' _ ,‘ u“_:n ﬁ._ H____ :’__ h__~_ ,,F _ :
llNﬂ.OQ.QI‘ - ﬂ : _..‘ .'. . m.;.: ] ‘__;__A,f Lo 1 | =T .L.q #
ooty Ty g L GL°0

] ' . B _ : Y F, .\ W
-pa1od — 00°'T

-G2° T

sduzqtoede)
-73-



SIYL *BA Inu?ig aou 1yn-Adu) - gz 2angig

038/m G9z'0=£1120T34 ,08T=2TTuy

(c23) amtr,

00°% 00°¢ 002 00°T 00°0
y— L | - J
. , b _
-— - - ! l.L +- - b—
tﬂ.ﬂ‘.: _ ! ~ ! i
} . [
| \ , w_ |
) ; m _. i s :
| w R , ! _ E ‘—
DR TR« adend ?utl"".’ﬁl'l"" [SERNPUNS SR S T ore pm— - [
» C_ . ~ . . w __f } .», [
‘@'ﬂioly v.l,'. et o 0_||.0+| TIII"&" ullf.'h.' .lf\
| .
. — et —— ‘ xr«lllvtlll t L «
N - — ccl.v'll‘fl Ilv.‘ Ay
L ! v
00 K _‘:" e ,w ol
ror | PR B C
\ ¥
S srRT T T T o T

uy v
[QV]

L]
—~

Joueqtroeie)n
-74-



9137y °*SA TnUfIC TounavTOoC(w) - 97 2anIy g

osm /@ T13G°0=£1700T”A 0BT=RTIUY
(993) auwTYg
00"y 00°¢ 00°2 00°T 00°n
1 A | ! - O@.Ol
- G2 °0-
| ‘ .
Tt | I 00°0
-} . A ,, \ A r_,,, RJ
| _ . b L f | TR
. ) o _ | _ ,” Loy M“ _,_F A_:_,,,_ g, - S0
e T T 3 T e
SRR G oy ot ,_ 5 - L 0g*0
PP ; \ . ' | | i - o bl _ . _
L A o e |l
ST y . u 2RI | .
I5E) ‘_: . | _w,_f._u, ;f B _ﬁ,m“ | FosLoo
I L S I A TR NN IR |
_ _ L M NI cho ._
PR B IR D R v BRI T 00°T
S T T B T
| | i - c2'T

Jdouel1o2den

-75-



9T T] ‘SA TRUTIC ATUTITON R - 42 9anBy I

038/ ¢RL '0=K1700T9A ,08T=2313uy

(993) »wyy,
oy 00°7 00°2 00°1 00°0
"\
- ' _ 2 »
bl e ca pam—ee | e & . e P M hw ,., J!A. oy
112 |« s L SN 4: : w ]
T
H I o P W,_“ «.. | I ! S | L P '
N R N SSIE AR AR L L B ]
©Br 0 ﬁ Do _‘_ T P g F_
S O RS T f!_zm_u_rih R PN U SN A
c°¢™h t | 1o ,. : | N 8 _..,r i ‘ ! i U H
Loy SN SRR I IR RO PN
SN Y ,
|

T —_——
| PR
I e
AT
-
N S

- GL°0

-00°T

Jun

20U=171D0

-76-



o°.
07

. 48%°

270°

" '\_ TIME AVERAGED VOID FRACTION

o
w

N
\

'r N

/

135°

180°
GT-2 GLASS SPHERES
STATIC BED HEIGHT =0.228m VELOCITY:
TUBE ELEVATION =0.152 m ® =0.060 m/SEC

O =0.263m/SEC
0=0.783 m/SEC
¥igure 28 - iffect of angular position on time averuged
void fraction
-77-



O
I

o
EXCHANGES

b

NUMBER OF PACKET TO BUBBLE

\\

., 45°

/

!

mi

+ -

\4
N

\
/./ 4
pal S

\ ' olage
4JMA . ,+BADA .- 2;.90

NUMBER OF PACKET TO BUBBLE
EXCHANGES

r
®
a
N

!
270% 7 - - HO 4

>

GT-2 GLASS SPHERES
STATIC BED HEIGHT =0.228 m " 0.333 PACKET CRITERION = +
TUBE ELEVATION = 0.152 m 0.500 PACKET CRITERION= 0O

VELOCITY=0.060 m/SEC 0.667 PACKET CRITERION = O

Figure 29 = "iffect of angular position on number of
packet to bubble exchanges

-78-



o,

.

- ._.*...

/
/ 2y
o | 10/90°
270°,0 & zzzzg , .

“\NUMBER OF PACKET TO BUBBLE
/( EXCHANGES
+

GT-2 GLASS SPHERES

STATIC BED HEIGHT =0.228m 0.333 PACKET CRITERION = +
TUBE ELEVATION =0.152 m 0.500 PACKET CRITERION = O
VELOCITY =0.265 m/SEC 0.667 PACKET CRITERION= &

Figure 30 - Effect of angular position on number of
packet to bubble exchanges

=79~



\.
2

/
A
\
\
'}
NUMBER OF PACKET TO BUBBLE
/

/

o

b o—
EXCHANGES
/

/

R
\\

(o]

-

d

270°.10 & 10]90°
A.‘ —— ._._$‘_ —_ -

- +
NUMBER CF PACKET TO BUBBLE
EXCHANGES

\\ 2 A
| \
\ | L
) |

— —t— - —t

(] L
+ ® +
225° Al 1350
10
i80°

GT-2 GLASS SPHERES

STATIC BED HEIGHT =0.228 m 0.333 PACKET CRITERION = +
TUBE ELEVATION =0.152 m 0.500 PACKET CRITERION = O
VELOCITY=0.783 m/SEC 0.667 PACKET CRITERION = A

rigure 31 - Effect of angular position on number of
packet to bubbXe exchanges

~-80~



LY 3D5¥IUOI 27QAQNE TNU.TI0WIS 1o K3TO0TSA JO 309179 -

5334030 0=31ONU

J3S/H AL130713A
000" 1 oos* 009" o0t 002

L ] | | G | f—a—

95

oC 2anItx

000°0

0000

0Sse*

osLs

00s*
JWIL 13HINOJ 318818 1UNOIL1JI8Y4

000°1

-8]1 -



93T 3I°WIUO~ dYAQNE TrY T10nIs ud K3TO00T9A Jo 109335 - £ 2anByq

5334330 S¥=311INB
J38/H AL12073A

000" 1 ogs* 009’ ogr® 002’ 0000
L 1 | 1 | +||0

& o M

& 8 P

+ v 5

n —

—t

+ 4 W

) | ‘. mw
v 2

)

C

5]

qnm

— . M

mJ

-

=

—

D

O

-, -

& —

DI

=

m



dWTL 30eju0) 2TQQRE T[WUOTIORIZ uo L3T10075. JO 393JJT = V¢ 2anfyg

S334¥030 06=31INB

J35/W ALIJ0713A
000° 1 008* 009* 00t 002" 000°0
L l 1 1 1

0

4 B+
+

0sa*

0as®

<
JWIL 13YINQI 37188N8 TTHNOILI8Y4

osL®

-83-



WY1 30BIUOH 91qQNg TBUOTIOBIF Uo A3T00T8A JO 9993J% - GE oanBrg

S334930 SET1=3T9INH

J3S/H AL130713A

000° 1 oo8* 00g° ooy’ ooz’ 000°0
L 1 1 | 1

+

ooo-o

B
+
Bl
<
JWIL 13"INQJ 3798N8 TENOILIHY4

@

+
+
+
082+

oas*

OSL*

-84-



9T ] 10WIU0) 9TQQNEg TBUOTIOBIL U0 K3T00T9A JO 102337 - 9% oandyg

6334340 081=31INB

J3S/H ALT3J07T3A

000° 1 og8°* 00g* oo’ 002’ 000°0
L 1 1 1 1

i
L

(] F A

00s*

osL

<+
0oo*t
JWIL 13YING3 3788N8 THNOILJHYA

-85-



WYL 80uU=pTSaY 35OeJ
a8wI1aay agenbc q00: uc K3700T3A JO 3103330 - LS ¥IN3TJL

5334930 0=310NB
23S/H AL12073A

000" { 008* 00s° 0] o 00¢* 000°0

L 1 ] | 1 o
& a
o

v

@

+ v
-
@ =]
o
+
[~
=)
o
o
v

@ _ o
=
[o=]
o

(33S) 3WIL 33IN30IS3Y 3¥u5N0S L00Y

-86-



9WTJ] O0USPIBOY IoNOeg
a8e1say 9Jenbc q00) uo L£1I00TS; JC 393335 - 8¢ 8INITA

S334930 Sv=31INY

J3S/H ALTJ0713A

008* 00g* oor* 00z* 000°0
1 | | |

0000

+B4q
(J33S) 3WNI1 33N3AIS3y 3JyUN0S 100y

4

000 %

0002

ooo*e

-87-



3WT ] AOUDDTE3Y 19Hoeg
9Bwxaay saunb~ 400y uo £3700TOpA JO 30833% - 6C 2InZ1L

G334930 06=31INY
238/ AL130713A

00g° 1 008’ 009 0ooy* 002¢° 0000
L | | | | (=)
)
o
=)
v v
a v
Q \ 4
R
+ m@ | 8
v +
+ L
>
o
a Q
+ '-
o
=]
o

{33S) 3WILl 33N30IS3y 3¥HN0S 100y

-88-



BUYJ d0USPIEIY 19¥OEg
omaym>4 elsnlr 00y tLo K3100713f JO 3233J% - OV san3y1g

S334930 SET=31ONB

J3S/H ALTIJ0713A

000° 1 008° 0og* 81} o 00¢° 000°0
L 1 1 1 1

@ ¥ g €7

n

*0

00s*

*1

(33S) 3WIL 3IINIAIS3Y 3¥4N0S 100y

+
!
*1

-89-



3WYJ AOUAPIBIY 3ONOeI

a8wvxo0Ay oxenbc 700y uc A3700T9A JO 19333% - TV 2am3tg

5334930 081=31INB

- J3S/H ALT30713A

00g9* oor* 00e*
1 | L | 1

000°'0

q

Bl
B
+

oot- oso* 000°0

ost*
(33S) 3WI1 3IN3AIS3Y 3¥8N0S 100d

-90-



A3Iuuadq 393087 9FwiloAy Uo K3JO0T0A JO 3I09FF% - 2V 8andtg

5344930 0=31ONB
J38/W ALI2073A

000° 008° 009’ (014} Ad 002’ 000°'0
L 1 | ] | (o]
g
o
o
o
[ ]
o
5
¢ ) B @ g

@ +

0TX000° ¢ T
(4313W 3I19N3/0M) ALISN3A 13M3Hd 33HY3AY

-9]-



Ly38uag qexouvg 9FuvasAy uo KL3§032194 JOo 3I983F9 - €V vandTg

5334930 SY=31INY

J3S/H AL1J0713A

000° 1 008° 009° oo’ 002° 000°0
L 1 I 1 1

ogoa-ot 0008

€+
l
00a- ey
(43130 J18N3I/AN) ALISNIO L3M3IHd FIHY3AY

4 B+

0TX000°#1

-92-



Kyisuag 3jo)x08s al¥raaasy uc

S$334930 06=310NY

J3S/W AL12073A
oog* oog* oo’ 002"
i 1 1

i

000°0

L£370019A Jo 393339 - YV eandyg

000-01 ooo-a
(43134 318N3/794) ALISN3Q 13M3Hd 33HY3AY

000° &1

01X000*+7

-93.-



Kiy18ueg 19¥oeg 99sJ3Ay uo K3TI90T3A JO 100339 - GV san?yg

G334930 SET=31ONB
23S/H AL12073A

000° { 008’ 009’ oor’ 002° 000°0
L 1 | i i (o]
. =)
S
o
@ o
& + 8
+ +
+
n
@ v s
‘ S
n v | 8
v
v
v L=
)
e ]
o
o
o

(¥313W 3I9N3/34) ALISN3Q 13M3I”d 3I3HY3IAY

-94-



K1t8usq 39X0BT a¥wIaav uo haaod«v> Jo 10217 - 9V sanfr g

S334930 081=3 19N

J3S/H ALIJ03A
008’ 009’ oor° 002*
i 1 | S |

000°0

000°01 0008

(Y313W 3I18N3/794) ALISN3IQ L3M3Pd 39HY3AY

000°21

01X000°#1

-95_



k{cal/cm sec *C)xi0 *

”

E GT-2 GLASS SPHERES =
> STATIC BED HEIGHT =0.228 m -
pal TUBE ELEVATION =0.152 m 4
- . PACKET CRITERION =0.667 -a
U - VELOCITY = 0.060m/SEC Q
ralio 30010

o
.2 Los 254008
Lodo.e 2040.06
oslo.a i.540.04
oeto.z2 1.o¥o002
0.4lo K — 1 J,—o.sio.m
0° 45° 90° 1350 180°

Figure 47 - kffect of angular position on packet
thermophysical properties
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Figure 55 - kLffect of angular position on Nusselt ﬁumber
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Figure 54 - Kffect of angular position on Nusselt number
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