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Experimental data are reported for the time-averaged

local radiative and total heat transfer coefficients for
both an array of horizontal tubes as well as a single
horizontal tube immersed in a large-particle fluidized bed
at elevated temperatures. Spatial-averaged heat transfer
coefficients computed from the local values, using a simple
trapezoidal rule integration, are reported.

An instrumented tube was used to measure both the
radiative and total heat transfer rates simultaneously.
Three different window materials, silicon, sapphire, and
quartz, have been tested in order to examine some key design
decisions made in the development of the radiation detector.
It is concluded that the radiation detector employing
silicon as the window material is most suitable to achieve
accurate measurements of the radiative heat transfer between
a fluidized bed and immersed surfaces.

Experiments were conducted at the Oregon State

University high temperature fluidized bed facility employing



ione grain as the bed material. Measurements were made for
two particle sizes (2.14 mm and 3.23 mm) and at three
different bed temperatures (812 K, 925 K, and 1000 K).

The radiative heat transfer results for tube arrays are
believed to be the first of their kind. In comparing these
results with those for a single tube, it was found that the
radiative heat transfer coefficient decreases with increases
in both bed temperature and particle size due to the
presence of neighboring "cool" tubes in a hot bed and the
greater "see through" effect of the larger particles.
Radiation contributions for a bubbling bed were calculated
for various test conditions.

The effects of superficial velocity, bed temperature,
particle size, and adjacent "cool" tubes on both the
radiative and total heat transfer performance are described
with comparisons made between the results of this study and

available literature data or correlations.
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AN EXPERIMENTAL STUDY OF RADIATIVE AND TOTAL HEAT
TRANSFER BETWEEN A HIGH TEMPERATURE FLUIDIZED
BED AND AN ARRAY OF IMMERSED TUBES

I. INTRODUCTION

1.1 Background

Gas-solid fluidized bed technology has been used in
various industrial processes since the first major large-
scale commercial application in catalytic cracking process
in 1942 (99,30). Most applications of this technique take
advantage of its unusual characteristics, which include ease
of handling of fluid-like solids, extremely large areas of
contact between solid and fluid, nearly isothermal
conditions throughout the bed, and high rates of heat
transfer between the bed and immersed surfaces. In the
latter case, there is considerable interest in fluidized bed
combustion of high sulfur coal, wood chips, biomass, or
industrial waste in the field of energy utilization. Other
applications of fluidized bed heat transfer include heating
of process fluids such as crude oil (49), combustion of
radiative waste (145), metallurgical heat treatment, and
hydrocarbon processing (30).

The most effective application of coal, which comprises
over 80% of the earth’s energy resource, is direct burning
(124). Unfortunately, coal usually contains substantial
amounts of sulfur and nitrogen compounds which are released
in the exhaust gas as S0, and NO, during the course of

combustion. Thus, the development of coal combustion



techniques should be concerned with minimizing these air
pollution problems. A principal motivation for the interest
in fluidized bed combustion is thus associated with the
concept that the combustion of coal in fluidized beds will
allow the adsorption of SO,.

The advantages of fluidized bed combustors over
conventional boilers are three-fold. First, the SO, produced
during the combustion process is retained in the furnace by
using bed materials such as limestone or dolomite. Thus,
high sulfur coal can be utilized and the corrosion of the
boiler system is also minimized (122). Secondly, the lower
operating temperatures (T¢ = 800-1000 ©°c) in a fluidized bed
boiler, comparing with conventional ones (T¢ > 1400 °q),
reduce the emissions of NO, so that low rank fuel such as
oil shale or high ash coal can be used (95,100,124).
Thirdly, and probably more important as far as design and
thermal efficiencies are concerned, heat transfer rates
between a gas-solid fluidized bed and immersed surfaces can
be up to 20 times higher than with single phase flow (108).
This suggests that fluidized bed combustion has particular
appeal with its combined advantages of pollution control,
fuel flexibility, and excellent heat transfer
characteristics. It provides not only an optimum economic
combustor system, but also essential features which are
required for emission control (122).

The design aspects of different commercial or pilot-

scale fluidized bed combustion systems can be found in Basu



(21,22), Howard (88), Goblirsch, et al. (73), and Leon, et
al. (101). For a typical fluidized bed combustor, coal,
which comprises about 1% to 2% of the bed material, is
burned in the bed (40,116). The heat is transferred to in-
bed tube arrays, and steam generated in the tubes then is
sent to drive gas turbines for electricity generation or
other uses. It has also been suggested that the hot gases be
used along with steam to drive a combined cycle of both
steam and gas turbines (30).

In order to make such concepts practical realities, a
fundamental understanding of the hydrodynamics and heat
transfer between a fluidized bed and immersed surfaces is of
critical importance, particularly for large particles beds
(Dp > 1 mm) at elevated temperatures (T¢ > 800 K) because
fluidized bed combustor design involves operation at such
conditions. However, these phenomena are complicated due to
the large number of bed parameters involved, which include
particle size, shape, and physical properties; type of
distributor; and the configuration of the immersed surfaces
such as size, shape, spacing, and pitch (122,145).

The following two sections give a review of the
fluidization phenomena and heat transfer mechanisms in a
gas-solid fluidized bed with emphasis on large particle beds
with immersed horizontal tubes. More general discussion can
be found in the books by Botterill (30), Davidson and
Harrison (51), Kunii and Levenspiel (99), and Zabrodsky

(145) .



1.2 Fluidization Phenomena

The hydrodynamics of fluidization is an essential
factor in fluidized bed heat transfer processes. A typical
fluidized bed consists of a tank partially filled with solid
particles. When a fluid, either gas or liquid, is passed
through it at a steadily increasing rate, the solid
particles offer resistance to the fluid flow. Eventually a
point is reached where the pressure drop across the bed is
just equal to ﬁhe weight of the bed particles. At this point
the bed is said to become fluidized.

Beyond the onset of fluidization, the pressure drop
across the bed remains the same as the fluid flow rate
increases. In a liquid fluidized bed, the bed experiences a
continuously uniform expansion. However, behavior of a gas
fluidized bed is quite different. Expansion is not uniform
as the gas flow rate goes up, except for fine particles (Dp
< 0.1 mm), and a bubbling stage is reached. The phenomenon
appears much like vapor bubbles in a boiling liquid. Gas, in
excess of that needed for minimum fluidization, is channeled
through the bed in forms of rising cavities containing few
solids. As the gas flow rate further increases, the bubbles
may coalesce and grow as they rise, probably leading to a
slugging stage if operation is in a deep bed (2,99). Figure
1.1 displays a typical representation of different stages in
a gas-fluidized bed of large particles.

Most fluidized beds operate in the bubbling stage

because of the high rates of particle circulation and heat
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Figure 1.1 Fluidization phenomena and regimes in large particle bed.
[Adapted from Catipovic, N. M. (40)]



transfer. The bubble behavior, such as rising velocity,
size, and frequency, has been studied extensively in the
world of fluidization. It was noted that the behavior varies
for large and small particles (42,91,92). Catipovic, et al.
(42) developed a slow-fast bubble criterion for fluidization
of large particles, as shown in Figure 1.1. The conventional
fluidized bed boilers (AFB) are operated in the slow bubble
regime and circulating fluidized bed boilers (CFB) are
operated at a higher gas velocity, which generally falls in
the slugging or turbulent regime (107).

The bubble behavior and the bubble-induced particle
circulation around immersed horizontal tubes is of major
importance regarding bed-to-tube heat transfer study. Figure
1.2 shows a typical distribution of bubbles and particles
around a horizontal tube in a bubbling bed. Jovanovic (91)
indicated that bubble behavior for beds with immersed tubes
exhibits smoother characteristics than for empty beds. There
is a defluidized cap called a "lee stack" formed on top of
the tube at velocities near U ¢. As the gas velocity
increases, particles in the defluidized cap will eventually
be swept back into the emulsion phase as a result of bulk
circulation (69). Hager and Schrag (84) described this
movement as in Figure 1.3. The rate of particle replacement
increases dramatically as excess gas velocity goes up.

Gelperin, et al. (65) observed that the cap of
defluidized particles tends to be less stable on tubes in an

array than single tube due to the higher local gas velocity



Gas flow

Figure 1.2 Particle pécking around an immersed horizontal
tube. [Adapted from Adams, R. L. (1)]



Figure 1.3 Pattern of particle circulation in the
defluidized cap.

Figure 1.4 Different heat transfer mechanisms between
a fluidized bed and a immersed tube.



between tubes. It has been noted that the lower portion of
the tube is generally shrouded by gas bubbles, as shown in
Figure 1.2 (85,120). However, for the case of an array of
tubes, Keairns (94) found that there is an alternating
character to bubble flow around a tube which results in a

constant replacement of particles in the lower portion.

1.3 Heat Transfer Mechanisms

The analytical approach and derivation of predictive
correlations for the heat transfer between a fluidized bed
and immersed surfaces has been a fertile field, as
summarized by Botterill (30), Saxena, et al. (122),
Zabrodsky (145), and others (51,79,100). A qualitative
description of the heat transfer between a bubbly bed and
immersed surfaces follows. As bubbles contact a surface, an
ongoing exchange of particles occurs. Fresh particles from
the bulk of the bed come into contact with the surface,
giving up heat, and remain for a finite time until they are
displaced by the next coming bubble. Heat transfer is
described by equation (1.1), proposed by Gelperin and
Einshtein (63,64).

hy = (1-f5) h

+ (1-f,) hge + f£o hy + hy (1.1)

pc gc

5
o
~
]
o
I

pc particle convective component in emulsion phase

=3
I

gc gas convective component in emulsion phase

hy, - gas convective component in bubble phase
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h, = radiative component in both phase

Hh
i

o bubble contact fraction

The four components occur in a parallel manner, as
shown in Figure 1.4. The dominance of each component depends
on the variation of system parameters, such as particle
size, superficial velocity, and bed temperature. Generally
speaking, the particle convective component becomes dominant
when the particle Reynolds number (Rep) is low, as for the
case of small particles or at low temperatures (30,63). The
gas convective components become important when Rep is high,
as for the case in which large particles or high pressures
are encountered (42,63). Figure 1.5 shows the experimental
results along with model predictions for the maximum heat
transfer coefficients obtained by Catipovic (40) for a
fluidized bed at ambient temperatures. It clearly displays
the shift of dominance from one of particle convection to
gas convection as the particle diameter increases. The
radiation component also has a significant contribution at

high temperatures.

1.3.1 Theoretical Models

Theoretical approaches differ in the way in which
fluidized particles are treated and in the role each
component plays in the heat transfer process. Most existing

models incorporate the heat transfer behavior described
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above by considering emulsion residence time and bubble

contact fraction into their analyses (9).

Fluid Film Model

Levenspiel and Walton (102) proposed a "fluid film"
model as in a general convective heat transfer process. Bed
particles were treated as obstacles to reduce fluid film
resistance by the scouring action of particles in motion,
and their thermal properties were assumed not to effect the
heat transfer, which is not supported by experimental
results of various investigators (132,149,150). However,
this model was successful in some earlier studies

(56,102,136) .

Packet Model

The "packet" model, first proposed by Mickley and
Fairbanks (111), considers that packets of particles are in
contact with immersed surfaces, transferring energy by
conduction during their residence times until they are swept
away by the gas flow. The heat transfer rate is dependent
upon the voidage and effective thermal properties of the bed
materials. Packet models work reasonably well in dense beds
in which packet residence time is long and/or bed particle
diameter is small. Experimental evidence (60,86) indicates
that they may overpredict heat transfer rates for short
residence times since they predict rates which are inversely

proportional to the square root of the residence time, which
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is not physically reasonable. Schlunder (123) suggested a
physically limiting value for the heat transfer coefficient
for beds with short residence times. Several modifications
were made by adding a contact resistance
(18,79,98,116,143,144) attributed to various effects at the
bed-surface interface. Kubie and Broughton (98) took into
account the effect of immersed surfaces and bubbles on the
thermal properties of the bed. More recently, Chandran and
Chen (43) proposed a mechanistic model for local heat
transfer coefficients with horizontal tubes immersed in
small particle beds. This model was based on their previous
information of bed-surface contact dynamics and transient
conduction into the "packet" (45). Chen and Chen (48)
obtained a numerical solution to the energy equation
coupling the conduction terms and a two-flux radiation term.
Pillai (119) added the radiative component to the "packet"
model of Kubie and Broughton with an effective bed
emissivity and an effective radiating cavity-type voidage,
which are determined empirically. Vedamurthy and Sastri
(134) obtained the radiation contributions from both
emulsion and bubble phases. Yoshida, et al. (144) also
considered the radiation contribution in their emulsion
layer model. All "packet" models are restricted in

application to particle sizes less than 0.5 mm.
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Chain-of-Particle Model

This model is based on unsteady conduction to chains of
particles and heat is transferred from distinct particles
rather than packets of particles. Gabor (60) simplified this
model into a series of alternating gas or solid slabs.
Botterill and Denloye (32), considered a boundary layer
across a few rows of particles at the heat transfer surface
and developed a model including the gas convective component
for both packed and fluidized beds. Kolar, et al. (96) and
Fatani (58) added a radiative component to the alternating
slab model. It was noted (79) that chain-of-particles model
yields a good approximation in the intermediate range (Dp ~
1 mm) and coincides with the Mickley-Fairbanks model for

long particle residence times.

Single-Particle Model

In the fluidized bed combustion of coal, operations
involve large particles at elevated temperatures. In such
cases, all components in equation (1.1) are expected to
affect on the total heat transfer when operating in the
bubbling regime. Hence, recent analytical developments have
been directed toward large particle beds in the bubbly
regime --- a single-particle approach.

These types of models are based on the assumption that
transient conduction is confined to the first row of
particles. Botterill and Williams (34) obtained a heat

transfer solution and temperature distribution for a single



particle contacting immersed surfaces. Ziegler, et al. (149)
and Chung, et al. (50) developed a penetration type model
using a statistical distribution of particle residence time
and assuming particles receive heat by gas convection. Based
on the results of Ziegler, et al. (149), Basu (20) provided
a theoretical prediction to examine the effect of coal
combustion on the heat transfer rate to an immersed surface.
Decker and Glicksman (53), applied a steady state particle-
to-surface conductive heat transfer solution obtained in
their earlier work (40), and proposed an over-all heat
transfer equation valid for particles with thermal contact
times much larger than particle residence times. Ganzha, et
al. (62) and Staub (126) developed mechanistic theories to
predict heat transfer at very high gas velocities (rapidly
growing bubbles or the turbulent regime, Figure 1.1).
Szekely and Fisher (128), using the single-particle model of
Botterill and Williams (34), obtained a simple expression
for the radiation contribution for small particles with long
residence times. Brewster (35) and Brewster and Tien (36)
proposed purely analytical models for radiative heat
transfer in a fluidized bed by treating the particles as
independent media for thermal radiation. Borodulya and
Kovensky (28) and Borodulya, et al. (29), taking into
account the effects of multiple particle reflections and the
bed structure, developed a radiative heat transfer model for
a surface immersed in fluidized beds; the emissivity of a

bubbly bed was calculated using their model.
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For heat transfer to horizontal tubes immersed in
large particle fluidized beds, particularly the local heat
transfer around tubes, none of the models mentioned is
considered adequate since they do not include the effect of
particle packing, as shown in Figure 1.2. Adams and Welty
(2), analyzing gas flow between particles, developed a
steady gas convection model including the influence of
bubbles, particle packing, and adjacent horizontal tubes.
This was the first effort to provide a detailed physical
description of heat transfer between a large particle
fluidized bed and an immersed horizontal tube. Adams
(3,4,5,7), further suggested simplified formulae and
extended them to packed and bubbly fluidized beds. A coupled
gas-convection and transient conduction model including
numerical solutions of the particle convective component was
also developed by Adams (6). Experimental data (39,40,138)
show that the Adams-Welty model works well for particle
sizes larger than 2 mm in the slow bubble regime. Based on
the Adams-Welty model (2,6), Mahbod (104) and Mahbod, et al.
(105,106) developed a radiative heat transfer model by the
net radiation method applied to an enclosure formed by
spherical particles and a gray cylinder. Bakke (15) proposed
a simplified version of the particle convective component of
the Adams-Welty model by assuming one dimensional heat
conduction with linearized particle surface boundary

conditions.
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Each of the approaches described above has been
successful in modeling heat transfer mechanisms for certain
ranges of operation conditions in fluidized beds. A
universal and easy-to-apply model has yet to be developed.
Such a model requires a thorough understanding of bed
hydrodynamics, particle residence time, and the effects of

particle configuration and thermal properties.

1.3.2 Predictive correlations

A complete analytical model for predicting heat
transfer between a fluidized bed and immersed surfaces seems
unrealistic in view of the complexity of the heat transfer
mechanisms. Thus, most design work relies on empirical
correlations. A great number of empirical correlations have
been proposed (30,79,122,145). These correlations are
generally restricted to specific test conditions because
they were developed on the basis of observed data in
laboratory-scale fluidized beds with limited variation in
parameters (122). Interested readers may refer to Grewal
(79) and saxena, et al. (122) for more detailed discussions.

Several correlations, regarding total heat transfer to
immersed horizontal tubes in large particle fluidized beds
at low temperatures, have been presented. Catipovic (40)
first suggested a semi-empirical correlation based on bubble

contact fraction (f In terms of particle and tube Nusselt

o) -

numbers (Nup and Nuy), his correlation is

17



£.,D

o”p
Nu, = 6(1-£fg) + (1-f5)Nup pe + (—)Nug (1.2)
D¢
where
Nuy ne = 0.0175 Ar0-46 pr0-33 (1.3)
. 0.33
Nug p = (0.88 Reppne® 2 + 0.0042 Reppe) PY (1.4)

On the right-~hand-side of equation (1.2), the first
term represents particle convection, the second term is gas
convection in the emulsion phase, and the last term is gas
convection in the bubble phase. All properties involved are
evaluated at the bed temperature and the values of 1-f, are

calculated using the following equations:

for a single tube

0.065
1-f, = 0.48 + (1.5)
(Ug - Upg) + 0.125

for a tube array

0.061
1-f, = 0.45 + (1.6)
(Ug = Upg) + 0.125

Glicksman and Decker (71) proposed a correlation based
on bubble volume fraction (§) and, in terms of particle

Nusselt number, their expression is

Nu, = (1-§) (9.42 + 0.042 Re, Pr) (1.7)

P
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The values of 1-§ can be obtained from the following

correlation proposed by Babu, et al. (14)

0.783 _ 0.376
10.978 (Ug-Upg)

Pp
0.937 0.126 1.006
Umf D

P P

(1.8)

All properties in equations (1.7) and (1.8) are to be
evaluated at the film temperature [Teg = (Tg+Ty)/2]. More
recently, Glicksman (70) has suggested more sophisticated
correlations by treating the emulsion and bubble phases
separately.

Zabrodsky, et al. (148) developed a semi-empirical
correlation by using a theoretical model (145) combined with
a modified gas convection term. Other correlations, Staub
(126), Ganzha, et al (62), and Martin (108) are available.
Grewal (79) found that the correlations by Catipovic,
Glicksman and Decker, and Zabrodsky, et al., are in good
agreement with most existing experimental data
(25,26,38,39,40,46,75,80,81).

Glicksman and Decker (72) discussed the role of
radiation and later, Glicksman (70) suggested the following
well-known equation to estimate the upper limit of the
radiative component in the emulsion phase for fluidized beds

with large particles.

o (T4 - 1.4
h, = £ w (1.9)
[(1/egg) + (1/e,) - 1]




Based on the experimental data of Pikashov, et al.
(117), Grewal (79) suggested the following equation to

evaluate €of

e = (1 + ep)/2 (1.10)

The effective bed emissivity (¢q¢) is higher than the
particle emissivity (ep) due to the re-entrant geometry
characteristic of particles in the emulsion phase (70).
Borodulya and Kovensky (28) also proposed a theoretical

model to calculate the value of €cf Used in equation (1.9).

1.4 Experimental studies

A large number of experimental studies have been
reported which deal with the effect of various bed
parameters on the heat transfer to immersed surfaces in
fluidized beds (2.3). Most of these studies were conducted
in small-particle beds and at low temperatures. Some
efforts, however, have been directed toward the combustion
application of fluidized bed --- large particle beds at high
temperatures. Section 1.4.1 provides a brief review of heat
transfer measurements with horizontal tubes immersed in
large-particle beds. Previous radiative heat transfer
studies in high-temperature beds are reviewed in section

1.4.2.
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l1.4.1 Total Heat Transfer

Most spatial-averaged total heat transfer studies have
involved measuring inlet and outlet coolant temperatures and
estimating tube surface temperatures (9). Wright, et al.
(141,142) was the first to obtain spatial-averaged total
heat transfer data for a horizontal tube array immersed in a
large particle bed. Several more recent studies involving
similar measurements were performed by Grewal and Goblirsch
(80), Golan, et al. (75), Leon, et al.(10l1), and several
others (25,27,74,81,129,148). Ku, et al. (97) obtained data
at very high superficial velocities, the turbulent regime
(Figure 1.1), which are of value in the design of
circulating fluidized beds (22). Experimental data in large
particle beds show similar trends as for small particles
beds. Heat transfer rates increase sharply as a result of
the transformation from packed to fluidized bed conditions
with a maximum value occurring at a certain optimum

superficial velocity (U followed by a slight decrease

op) /
with a further increase in superficial velocity. It has been
observed that the heat transfer rate for large particles is
much lower than for small particles.

A number of different techniques have been applied in
obtaining local heat transfer measurements. Berg and
Baskakov (23) measured the surface temperature difference
across a heated tube immersed in a small particle bed. Local

data were obtained by solving a one-dimensional heat

conduction equation across the tube wall. Similar



experiments were performed by Samson (121) and Gelperin, et
al. (8). Heating elements attached to the tube surface were
employed in some later studies, as performed by Cherrington,
et al.(49) and Chandran, et al.(46) in beds of intermediate-
sized particles. Applying a similar technique but with fast-
response measuring elements made of platinum, Catipovic (40)
obtained instantaneous and local heat transfer data for a

wide range of particle sizes (.37 mm < D, < 6.6 mm) in a

P
cold bed. George (94) first obtained local heat transfer
data for a single tube, and Goshayeshi, et al. (78) for an
array of tubes, in a large-particle bed at elevated
temperatures. Thermopile heat flux sensors, covered with a

thin foil for protection against bed abrasion, were used in

~their experiments.

1.4.2 Radiative Heat Transfer

An understanding of radiative heat transfer to immersed
tubes is of interest in the design of fluidized bed
combustors. It is generally accepted that this component
increases with bed temperature, particle size, and particle
or tube surface emissivity. A number of models, as described
in section 1.3, have been developed to evaluate the
radiation contribution for both small- (20,96,128,134,144)
and large- (70,104) particle fluidized beds. The
quantitative influence of these parameters, however, is hard
to ascertain and a consensus has not been obtained. The wide

variation between different models has been discussed by
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Zabrodsky (146), Saxena, et al. (122), and Basu (20). Grewal
(79) also indicated that most models are difficult to apply
since they require the knowledge of particle/packet
residence times and/or bubble contact fraction which are
generally not provided. Furthermore, the predictive
correlation proposed by Glicksman (70), equation (1.9), only
gives an upper limit for the radiative component in the
emulsion phase (fixed bed condition). Thus, design
information remains reliant on experimental data.

There are relatively few experimental studies of
radiative heat transfer. The data reported in different
studies are summarized in Table 1.1, which also lists the
test conditions and the radiation contribution (f,,c)- A
description of the conclusions of the various studies is
presented. The methods employed and possible errors in
different investigations will be discussed in section 2.1.

Kharchenko and Makhorin (95) investigated total heat
transfer to a spherical alpha-calorimeter immersed in a bed.
They concluded that radiant heat transfer is insignificant
for bed temperatures up to 1273 K, a conclusion supported by
Gelperin and Einshtein (79) and Dunsky and Tamarin (57).
Yoshida, et al. (144) and Szekely and Fisher (128),kbased on
their experimentally tested models, reached the same
conclusion for small particles or long-particle residence
times. Experiments made by Yoshida, et al. also showed the
effect of tube surface emissivity on radiative heat flux.

Results of Ilchenko, et al. (90) showed that the radiation
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Dp Te fave

Investigator(s) (mm) (K) (%)
Kharchenko & 0.34-1.66 433-1273 negligible
Makhorin (95)
Szekely & 0.1-0.15 600~-650 negligible
Fisher (128)
Yoshida, et al. 0.18 823-1273 negligible
(144)
Ilchenko, et al. 0.57-1.75 703-1703 18-50
(90) 0.57 1223 20

1.75 1223 24
Botterill & 0.2-3.0 773-1673 5-60
Sealy (33)
Wright, et al 0.5-6.4 1123-1173 30-50
(142)
Baskakov, et al. 0.35-1.25 1123 6-32
(18) 0.35 1123 9

1.25 1123 32
Vedamurthy & <3.15 1173 20-40
Sastri (135) <6.3 1173 50-60
Basu (20) 0.325-0.5 1073-1173 5-=10
Ozkaynak, et al. 1.03 523-1033 7-35
(114)
vVadivel & 0-6 1023 35
Vedamurthy (131)
Alavizadeh, et al. 0.52 812 6
(11,12) 1.00 812 8

2.14 812,1050 12,20

3.23 812,1050 14,22

Table 1.1 Measurements of radiation contribution in
different studies.
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contribution was about 20% for zirconium oxide particles (D
= 0.57 mm) and 24% for corundum particles (Dp = 1.75 mm) at
Te¢ = 1223 K. Botterill and Sealey (33) analyzed the data of
Pikashov, et al. (118) and found that the radiation
contribution varied from 5% to 10% at T¢ = 773 K and 50% to
60% at T¢ = 1673 K for Dp = .2-3 mn.

Wright, et al. (142) calculated the radiation to be
between 30% and 50% for mixed particle sizes and T¢ = 1123-
1173 K. Calculations were based on the assumption that
thermal radiation to surfaces immersed in a well-agitated
bed can be treated as if it were black. Baskakov, et al.
(18) measured the radiative heat transfer to surfaces at
various temperatures and immersed in a bed consisting of
chamotte particles. An increase of the radiation
contribution with surface temperature was observed.
Calculations from Bhattacharya and Harrison (24) show a
similar dependence for an air-sand system with Dp = .35 mm.

Vedamurthy and Sastri (135) first measured spatial-
averaged radiative heat transfer to a horizontal tube
immersed in a large particle bed at Ty = 1023-1323 K. Their
data indicated that the radiation contribution at T¢ = 1173
K for different superficial velocities (U, = .25-.45 m/s)
varied between 20% and 40% for Dp < 3.15 mm, and between 50%
and 60% for Dp < 6.3 mm. From both their experimental
investigations (135) and analytical studies (134), they
found the radiation contribution to be 20% to 40% for Tg =

1073-1273 K.
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Basu (20) has also observed the role of radiation in
fluidized bed combustors. Results of his studies indicate
the radiation contribution to be about 5% to 10% of the
total heat transfer for sand particles. More recent
measurements by Ozkaynak, et al. (114) have shown the
fraction of the radiative component to increase from
approximately 7% at T¢ = 523K to almost 35% at T¢ = 1033 K.
Silica sand was used as a bed material and the superficial
velocity was varied from 1.5 to 4.83 m/s in this work.

Vadivel and Vedamurthy (131) pioneered the
investigation of local radiative heat transfer to a
horizontal tube immersed in a fluidized-bed coal combustor.
Tests were conducted at a bed temperature of 1023 K and
different superficial velocities (U = 0.87-1.7 m/s) for Dp
= 0-4 mm and 0-6 mm. A radiation contribution of about 35%
was found for Dp = 0-6 mm. The variation of local radiative
and total heat transfer coefficient with superficial
velocity and particle size was examined.

Alavizadeh (9) and Alavizadeh, et al. (11,12) measured
local radiative heat transfer for a horizontal tube immersed
in small and large particle beds with superficial velocities
up to 3.3 Upe. The radiative heat transfer was determined
using a specially designed instrumented tube which will be
discussed in detail in chapter II. The relative contribution
due to radiation for a black tube was found to increase from

6% to 14% with Dp from 0.52 mm to 3.23 mm at T¢ = 812 K, and



to increase from 14% to 22% with T¢ from 812 K to 1050 K for

Dp = 3.23 mm.

1.5 Present work

The majority of both analytical and empirical efforts
have been directed toward heat transfer studies of small
particles (Dp < 1 mm) and/or low temperatures (T¢ < 800 K)
where unsteady particle conduction is to be considered. Some
experimental studies have been reported which involve total
heat transfer measurements in large-particle beds. Only
limited attempts have been made to measure the radiative
component separately and published data show considerable
variation in the role of radiation as shown in Table 1.1. No
published data have been found dealing with radiative heat
transfer measurements to in-bed tube arrays.

The objective of the present study was to measure the
local bed-to-tube radiative and total heat transfer rates
for a horizontal tube array immersed in a large-particle,
high-temperature fluidized bed. A well designed instrumented
tube, developed by Alavizadeh, et al. (11) and proved in
this study, was employed to evaluate the effects of
different bed parameters. The results are also of use in
estimating the radiation contributions for tubes with
different emissivities.

Chapter II provides a description of the design,
assembly, calibration, and experimental verification of the

radiation detectors employed in this study, as a supplement

27



28

to the analysis done by Alavizadeh, et al. (11). Three
different window materials, silicon, sapphire, and fused
quartz, were employed and their performance was tested. This
experimental program yielded properly-designed, well-
calibrated, and direct-measuring devices capable of
measuring local bed-to-tube radiative heat transfer.

Chapter III is devoted to describing the apparatus and
experimental sgt—up, including a description of the
instrumented tube, tube-array design, the data acquisition
system, and the high-temperature fluidized bed test
facility. Also described are the test conditions and
procedures, data collection, and the methods of conversion
of voltage signals to heat flux and heat transfer
coefficients.

Chapter IV is a presentation of experimental results
and discussion. Spatial-averaged and time-averaged local
heat transfer coefficients with respect to superficial
velocity are shown for two particle sizes (Dp = 2.14 mm and
3.23 mm) and three different bed temperatures (T¢ = 812 K,
925 K, and 1000 K). The effect of superficial velocity, bed
temperature, particle size and, most importantly,
neighboring "cool" tubes in a hot bed, are discussed.
Comparisons are made between the results of this present
study and others.

Chapter V gives conclusions of present study and

recommendations are made for possible future work.
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II. RADIATION DETECTOR

Accurate and reliable instruments are essential for
measuring the radiative heat transfer rates to surfaces
immersed in a hot fluidized bed. The radiation detectors,
originally developed by Alavizadeh, et al. (11) were used in
this work. This chapter includes the experimental
verification of some key design decisions made by
Alavizadeh, et al. in the development of the radiation
detector. Some modifications were made in the configuration

and calibration procedure to improve the detector operation.

2.1 Comments on Previous Investigations

Methods employed and possible sources of error in some
radiative heat transfer observations in a fluidized bed have
been discussed by Saxena, et al. (122), Basu (20), Ozkaynak,
et al. (114), and Alavizadeh, et al. (9,11).

Kharchenko and Makhorin (95) based their conclusion of
an insignificant radiation contribution on an observed
linear relationship between the total heat transfer
coefficient and bed temperature. Basu (20), and Saxena, et
al. (122) indicated that this is somewhat questionable
because the variation of the conductive and radiative
components with bed temperature are both nonlinear. These
nonlinearities were thought to compensate and result in a
linear relationship when the two are added together; this

being caused by the change of particle density and residence
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time with bed temperature. Experiments of Szekely and Fisher
(128) were carried out by transmitting heat from a source
through a transparent wall. No data at bed temperatures
higher than 650 K were obtained due to the limitations of
power input and cooling air capacity.

In investigations by Yoshida, et al. (144) and
Baskakov, et al. (18), radiative heat transfer was measured
indirectly by specially designed calorimetric metal probes
with different surface emissivities. Yoshida, et al.
compared the total heat transfer between an oxidized pipe
and a polished stainless steel pipe immersed in a bed. Total
heat flux was obtained by measuring the temperature change
of the coolant. Surface emissivities of the pipe surfaces
were calculated using the net radiation method. Baskakov, et
al. recorded the transient temperatures of two low Biot
number spheres immersed in a bed, one with an oxidized
surface (¢, = 0.8) and the other with a silver-plated
surface (¢, = 0.1). Ozkaynak, et al. (114) indicated that
uncertainties in surface emissivity values and the effects
of varying surface temperatures could lead to
underestimating radiative heat flux. The higher figure
recorded by Baskakov, et al., as shown in Table 1.1, can be
explained by neglecting the cooling of particles on the heat
transfer wall (18,20). The same explanation is applied to
the overprediction by Wright, et al. (142).

Basu (20) used two identical copper tubes of 6.5 mm

outside diameter. One of the tubes was covered with a



coaxial transparent silica tube to reduce thermal conduction
to the copper tube and a correction was made for its
conduction error. Heat transfer rates were calculated by
measuring the inlet and outlet coolant temperatures. The
radiative component was obtained by comparing the heat
transfer rates between these two tubes.

Quartz glass has been widely employed as the
transparent window material in direct measurement of
radiative heat transfer to surfaces immersed in fluidized
beds, as performed by Ilchenko, et al. (90), Botterill and
Sealey (33), Vedamurthy and Sastri (135), and Vadivel and
Vedamurthy (131). The function of the transparent quartz
window, which was mounted on the top of a cavity within the
probe, was to eliminate incident convection and transmit
radiant energy. Transmitted radiant energy was detected by a
thermoelectric device mounted on the bottom of the cavity.
Calibration of the probes, employing a hohlraum as the
standard source of heat, was made in the studies of
Vedamurthy and Sastri and Vadivel and Vedamurthy. All data
obtained in the above studies are comparatively high
relative to the others, as shown in Table 1.1. This is
because the bed particle/gas convective heat transfer
produces near bed temperature on quartz window due to its
low thermal conductivity (k = 1.7 W/m.K), which results in a
conduction error through the gas gap in the cavity (11,114).

Ozkaynak, et al. (114) utilized a two-layer flat window

of zinc selenide mounted on the flat end of a 60 mm
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cylindrical brass body covered with a copper plate. Zinc
selenide has a relatively high thermal conductivity (k = 13
W/m.K) and an effective transmittance band of 0.5 um to 20
pm. Cooling air was circulated through the gap between
windows to eliminate the conduction error. The radiometer
probe was calibrated using a black body source.

Table 2.1 summarizes the methods employed and possible
sources of error among different studies. The radiative heat
transfer rates were obtained either indirectly by using a
transparent wall (20,128), emissivity differences (18,144),
and simplified calculations (113,142), or directly by a
specially-designed radiative probe using quartz
(33,90,131,135) or zinc selenide (114) as transmitting media
to detect radiation. In the latter case, a high conduction
error was introduced when using quartz as explained earlier.
Quartz is opaque to incident radiation with wavelength
longer than 4.8 uym (83,139), as shown in Figure 2.2 (8),
while the actual radiation from a high temperature fluidized
bed could involve wavelengths from 2.7 um to 8.7 um (125).
Calibration of the radiation instrument was not addressed in
most of these investigations. The emissivity of the heat
transfer surface, a decisive factor in determining the
actual radiative heat transfer, was also not reported in all

of the reports cited.
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Investigator(s) Method Source of error
Kharchenko & Spherical Based on hy « T¢
Makhorin (95) calorimeter

Szekely & Transparent insufficient
Fisher (128) bed wall data

Yoshida, et al. Emissivity Experimental
(144) difference uncertainties
Baskakov, et al. Emissivity Experimental
(18) difference uncertainties
Wright, et al. Black body Wrong assumption
(142) calculations

Basu (20) Transparent

Ilchenko, et al.
(90)

Botterill &
Sealey (33)

Vedamurthy &
Sastri (135)

Vadivel &
Vedamurthy (131)

Ozkaynak, et al.
(114)

heater wall

Radiative
probe

Radiative
probe

Radiative
probe

Radiative
probe

Radiometer
probe

Conduction through
gas gap

Conduction through
gas gap

Conduction through
gas gap

Conduction through
gas gap
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2.2 Design Analysis

The basic design concept of the radiative detector
employed in this study is illustrated in Figure 2.1. It is
similar to that of Ilchenko, et al. (90) and Vedamurthy and
Sastri (135). Thermal radiation from the bed is transmitted
through a transparent window mounted on the top of a cavity
within the instrumented tube, and is detected by a heat flow

sensor bonded to the base of the cavity.

2.2.1 Window Materials

The choice of window materials plays a dominant role
regarding the accuracy of direct measurements of radiative
heat transfer in fluidized beds (9,11,139). Generally
speaking, windows with the following properties are
preferred:

a) Windows should have high thermal conductivity in
order to minimize conduction through the window into
the cavity.

b) Windows should transmit over the widest possible
range of wavelengths.

c) Window materials should be as hard as possible to
withstand the abrasion of particle motion in the bed
environment.

Alavizadeh, et al. (11) analyzed four different window
materials, silicon, sapphire, crystal quartz, and fused
quartz, as potential candidates for transmitting medium. A

summary of his analysis is described in section 2.2.3.
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Figure 2.1 Basic design concept of radiation detector.
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Silicon was found to be the superior choice and was selected
as the window material in their study. Three different
window materials, silicon, sapphire, and fused quartz, were
employed in the experimental verification of the analysis
done by Alavizadeh, et al. The transmission characteristics

of the three windows are shown in Figure 2.2 (8).

2.2.2 Heat Flux Sensor

The first layer of particles contacting the window
surface has a nonuniform temperature distribution due to the
cooling effect of the tube, which results in a nonuniform
heat flux. This suggests the application of an averaging
device such as a thermopile-type heat flux sensor in the
design of radiative detectors. Hager (83) first used a thin
foil heat meter, formed by a thin, low thermal conductivity
film with a thermopile on each side, in heat transfer
measurements of fluidized beds. Similar devices have been
discussed by Brown, et al. (37).

Figure 2.3 illustrates the geometry of the selected
heat flux sensor (No. 20455-1, RAF Inc., Hudson, NH) with
dimensions of 0.76 mm x 12.7 mm x 28.5 mm and a maximum
service temperature up to 523 K. A type T thermocouple is
utilized in the sensor to monitor its surface temperature.
The small fraction of the sensing area is an advantage of
this type of sensor over others used for local heat transfer

measurement.
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A description of the principle and function of this
type of heat flux sensor is the following. As heat conducts
through the low conductivity thin film of the sensor, a
temperature difference is established across it. The heat
transfer rate is then calculated from the calibration data,
and the output voltage signal (epf) - The calibration data
were provided by RAF Inc. as a function of sensor surface
temperature. The e[ ¢ is actually a reading of temperature
difference across the sensor and it is independent of the
typre of the heat flux source. It can thus be applied in
complicated measurements involving combined heat transfer
modes. The same heat flux sensors were employed in the total
heat transfer gauges without any correction. Information and
heat flux conversions for these sensors can be found in

Appendix A.

2.2.3 Theoretical Analysis

Alavizadeh, et al. (11) studied the effect of different
design parameters and the performance of different window
materials. This section summarizes the methods, results and
conclusions of their investigation.

A three-dimensional steady-state conduction analysis
was conducted to investigate the effect of nonuniform heat
flux on the heat flux sensor performance. Two cases were
compared, one with a uniform heat flux over the entire area
of the sensors, and the very unlikely case of a uniform heat

flux over the sensing area and zero over the rest of sensor
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area. Using the calibration data provided by RAF Inc., it
was found that the heat flux would be about 2.5% lower for
the second case. The manufacture’s calibrations are, thus,
applicable to the nonuniform heat flux measurements involved
in this study.

A two-dimensional heat conduction analysis was
performed to assess the magnitude of the conduction error
produced by the gas and the particle-convective heat
transfer. The 6utside surface of the window was exposed to
bed convection and the inside surface transferred heat, via
one-dimensional heat conduction across the air-filled
cavity, to the sensor. The magnitude of the conduction from
the window to the sensing area was then calculated by
averaging the heat conduction to it. The radiative heat
transfer to the sensing area was estimated by the net
radiation method for an enclosure including the window, heat
flux sensor, and cavity walls. The relative conduction error
was obtained from these two heat fluxes. An estimate of the
average window temperature (T,4) was calculated from the
solutions for a two-dimensional heat conduction for
different windows. It was used to examine the error in using
Tyi @s an approximation of T, in the calculation of the
radiative heat transfer coefficient, hy = Q/(Tg=Tyy) -

The outside window surface should conform to the tube
contour to avoid any disturbance of the bed. This results in
a plano-convex cylindrical lens and magnifies the

transmitted radiant energy. A magnification factor, MF, was
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calculated as "area of the window facing the bed/area of the
focal plane on the sensor". The Grashof number (Gr) based
on T

T and cavity height, was also calculated to

wir “wr
investigate the effect of natural convection in the cavity.
Results of this analysis associated with the properties
of the four potential candidates as window material are
shown in Table 2.2. Two sets of data corresponding to the
local maximum heat transfer rates at T¢ = 812 K and 1050 K
were considered with the larger error listed in Table 2.2.
The table shows that silicon produces the smallest relative
error in conduction (1%) and in the h,. calculation (2%). The
larger MF of silicon (2.0) will further reduce its
conduction error. It was found that the average window
ﬁemperature, Tyir is the largest for quartz, due to its low
conductivity, and hence results in a further increase in the
error in h,., from 28% to 53%. The Grashof number is
sufficiently small (Gr p 1700) to allow natural convection
in the cavity to be neglected for all the window materials
considered. Based on the wide transmission band, high
thermal conductivity and hardness, negligible conduction
error, and no loss of accuracy using T,; as an approximation
for T, siliéon was selected as the window material in their

study.

2.3 Assembly
A schematic illustration of the radiative detectors is

shown in Figure 2.4. Each detector was mounted within the



Thermal Conduction i hrb
Window Transmission Conductivity Hardness Error T Error
Materials (Wave Band, um) at Twi (W/m*K) (Knoop) MF (%) Gr ('ﬁ) (%)
Silicon 0.50 117.0 1150 2,0 1 91 354 2
(si) (1.3-7.0)
0.35
(7.0-12.0)
Sapphire 0.84 35.0 1370 1.2 3 213 374 5
Quartz, 0.92 6.7 741 1.2 23 555 446 17
Crystal (0.30-2.2)
(3102) 0.50
’ (202"3.6)
Quartz, 0.91 1.7 461 l.1 28 961 589 53
Fused (0030-304)
(8102) 0.40
(3.4-4.7)

Table 2.2 Window materials with results of theoretical analysis.
(Adapted from Alavizadeh, N.

(9)]
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walls of the cavity in the instrumented tube. It has been
modified to produce a wider view angle between the bed and
the heat flux sensor by wrapping two stainless steel strips
(0.127 mm in thickness), overlapping the window, to hold the
window in position. A 17.5 mm x 30 mm window area is then
exposed to the bed, instead of the original 14 mm x 30 mm
area. Three instrumented ports were machined, each 90
degrees apart, to the size of the heat flux sensor (12.7 mm
X 28.5 mm) with a depth of 4.8 mm. The larger upper portion
was milled to house the window (17.5 mm X 41.4 mm) with a
maximum depth of 3.2 mm. The three windows, made of silicon,
sapphire, and fused quartz respectively were mounted on the
ports by applying a high thermal conductivity paste
(Omegatherm 201, k = 2.3 W/m.K and stable up to 478 K, Omega
Engineering, Inc., Connecticut) to reduce thermal contact
resistance. The silicon and sapphire windows were machined
to have the same curvature as the outside of the tube (Dg =
51 mm). The quartz window was machined to have a flat
surface (1.6 mm in thickness) in order to study the effects
of the disturbance of gas-solid flow around the tube due to
the flat section of its surface.

Three new microfoil thermo-pile type heat flux sensors
were replaced and bonded to the bottom of the cavity by
applying a high thermal conductivity epoxy adhesive
(Omegabond 200, k = 1.4 W/m.K and stable up to 533 K). The
sensors were coated with a new type of high absorptivity

paint (3M ECP-2200, absorptivity = 0.96), instead of the
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original 3M Nextle paint, to increase the absorption of
transmitted radiation and thus reduce the uncertainties in
the radiative heat flux measurement. The 3.2 mm hole
connecting the cavity and wire channel was sealed with Omega
CC cement and the channel was filled with Omegatherm 201.
All cavities were connected to the atmosphere by 2.4 mn-
diameter stainless steel tubes running through the wire
channel for ventilation, which further reduced the window
temperature, conduction error, and natural convection.
Damage to the original heat flux sensors in the radiative
detectors was probably due to the relatively poor
ventilation of the original 1.6 mm tubing (9) or the
operation in small particle beds which have much higher heat

transfer rates.

2.4 calibration

Calibration of the heat flux sensor was done prior to
delivery by the manufacture, RAF Inc. The purpose of
additional calibration was to relate the heat flux detected
by the sensor to the actual radiation absorbed by the tube
wall. Calibration was carried out locally using a narrow-
angle black body source, Barnes 11-210 Radiation Reference
Source (16). Details of the calibration techniques and
procedures can be found in references (11) and (9). Some
changes were made in order to enlarge the viewing angle of

the heat flux sensor by moving the black body source to



about 1 mm (instead of the original 3 mm) away from the
instrumented tube.

The total heat transfer gauges Qere painted with high
emissivity lampblack (89), with a spectral emissivity of
0.96 from 0.2 pm to 20 uym wavelength, in order to generalize
the results of the experiments as the radiation absorbed by
a black tube. The incident radiation (Q,},) absorbed by the
black total gauges were used for reference, where Q,, was
taken as the average of the measurements on two total
gauges. The correlation between the detected heat flux (Qgy)
from the radiation detector, and Q,, represents the
calibration for the device. A well-designed alignment device
(11) was employed to align the black body source and
radiation detector to make the results (Qgq vs. Qu )
comparable. No significant change in the calibration data
was found due to the change of tube wall temperature and the
effect of natural convection in the laboratory environment
(9,11). calibration could then be conducted at room
temperature without a loss of accuracy.

Data were recorded employing a high precision data
iogger (HP-3497A) with a maximum sensitivity of 0.001
microvolt. The black body source temperature was controlled
in the range from 400 °c to 1000 °C. The methods used in the
conversion of recorded data from voltage to heat flux are
discussed in Appendix A. Calibrations were made before and
after each exposure to the bed in order to examine the

possible changes of window transmissivity caused by particle
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abrasion. No significant change in Qg was noted following
the first exposure to the bed, for all three window
materials. The silicon window used by Alavizadeh, et al.
(9,11,12) experienced approximately 20% drop in Q4 after its
first exposure to the bed; no changes were observed
thereafter (9,11).

Results of the calibration for these windows are shown
in Figure 2.5. Data for the silicon window show a linear
relationship due to the wide wavelength of transmission.
This is an essential feature for accurate measurements of
radiation heat transfer. The calibration relationship was

determined by linear regression (112) to be

Qb,si = 1-72 Q4 (2.1)

The maximum deviation for this expression is 6% at low
heat fluxes (400-600 °C) and 1.5% in the high heat flux
region (600-1000 °C) where the actual application is made.
The relationship between Qq and Q.4 was nonlinear for both
the sapphire and quartz windows. Third and fourth order
polynomial regression fits were performed for sapphire and

quartz respectively. Results of these regressions are
Qrprsa = 0.035 + 2.74 Q4 - 0.08 042 + 0.0018 Q43 (2.2)

Qrprgz = 0.658 + 4.48 Qg - 0.305 Q4% + 0.0162 Q43

- 0.00033 Q4% (2.3)
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Errors of the polynomial regression expression for
sapphire is within 1%, and within 2% for quartz. The
nonlinear behavior of the calibration curve for quartz is
more obvious than for sapphire. This can be explained by
their different transmission characteristics with respect to
wavelength, as shown in Figure 2.2. Note that the range of
wavelengths at which the maximum emissive power occurs is
from 2.3 um td 9.5 um for the calibration (83). The more
concave downwafd tendency of the quartz curve is due to its
lower and varied transmittance with respect to wavelength.

The emissivity of the stainless steel shim covering the
total gauge was found to be 0.37. This is the ratio of the

heat flux absorbed by a bare tube with that of a black tube.

2.5 Experimental Verification

The experimental apparatus is described in chapter III.
Tests were conducted at bed temperatures of 900 K and 1080 K
employing ione grain as bed particles with nominal diameters
of 2.14 mm and 3.23 mm (9,99). The instrumented tube was
placed horizontally 30 cm above the distributor plate and
the packed bed height was 45 cm. Measurements were made at 0
and 90 degrees from the lower stagnation point on the tube
with superficial velocities (U,) ranging from well below Up¢
to about twice this value. A total of 12 channels, 6 for
radiative and total heat fluxes and 6 for surface
temperatures, were employed for data collection. A total of

50 scans of all channels was made for each run. Values of
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the total heat flux measured during this test had no
significant use other than to aid in identifying whether the
bed was packed or fluidized. At each superficial velocity,
time-averaged radiative heat transfer coefficients for a
black tube (hy) were computed from the average of 50
readings of both heat flux and tube temperature over a
period of 95 seconds. Detailed procedures for data and heat
flux conversions are discussed in section 3.6.3 and Appendix
A.

Tabulated results of the experiments are listed in
Table C.11 and C.12. The local radiative heat transfer
coefficient is calculated as hyp = Qp / (T¢ - Ty). Figures
2.6 through 2.13 display the values of h,, associated with a
range of superficial velocities for two bed temperatures and
two particles sizes. The local radiative data measured with
the radiative detector, employing a silicon window, and the
total heat transfer data are found to compare well the
results of Alavizadeh (9).

Different results for each window material are evident.
Values of h,,, for sapphire are 1.056 times the average,
ranging from 0.96 to 1.16 of that for silicon, while the
quartz data show values 1.93 times the average, ranging from
a minimum factor of 1.33 to a maximum of 5.08. The slightly
higher values of the sapphire data compared with those of
silicon are believed to be due to its slightly higher

conduction error as described in section 2.2.3 and listed in
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Table 2.2. The extraordinarily high values for quartz are
caused by its much higher conduction error, higher window
temperature, and flat configuration. The flat configuration
resulted in a reduced window thickness of 1/3 and hence, a
higher view factor.

For a fused quartz window, the much higher conduction
error of these experiments (93%), compared with that
obtained by Alavizadeh (28%, Table 2.2), is primarily a
result of the assumption of negligible contact resistance
between the window and the bronze tube wall in Alavizadeh’s
analysis. The actual quartz window temperature should be
higher than his prediction (9,11); this would, in turn,
result in an increase in the conduction error and in the
sensor surface temperature. The use of the higher sensor
surface temperature, as an approximation of wall
temperature, further increases the values of h,p [= Qpp/(Te-
T,)]. The same explanation applies for the small differences
(5.6.% to 3%) in the conduction error of sapphire. However,
for the window materials with high thermal conductivity,
such as silicon (k = 117 W/m.K), the assumption of
negligible thermal resistance between the window and tube
wall is reasonably valid.

The data for sapphire and quartz also show a
fluctuating behavior, as shown in Figures 2.6 to 2.13. These
fluctuations are due in part to their nonlinear calibration
relationship. The larger fluctuation exhibited by quartz can

be explained by its varied and lower transmittance.



It is concluded that the use of silicon as the
transmitting medium in the radiative detector
instrumentation will lead to accurate and reliable
measurements of local radiative heat transfer in high
temperature fluidized beds. The small conduction and h,y
errors of silicon analyzed by Alavizadeh (9) is confirmed by
comparing the silicon data with those of sapphire and

quartz.
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III. APPARATUS AND EXPERIMENTS

3.1 Instrumented Tube

The instrumented tube, with outside and inside
diameters of 51 mm and 32 mm, was made of bronze and
equipped with three total and three radiative heat transfer
measurement devices. They were mounted side-by-side, each 90
degrees apart, along.the axis of the tube. Figure 3.1 shows
a schematic iliustration of the instrumented tube. The
radiation detector, employing silicon as the window
material, has been discussed in chapter II. A discussion of
the total heat flux gauge and calibration of the radiation

detector is presented in this chapter.

3.1.1 Total Heat Flux Gauge

The same type of heat flux sensors as used in the
radiation detector were employed and bonded to the tube
surface with a Omegabond 200 epoxy. They were then covered
by a 0.127 mm thick stainless steel shim to protect them
from bed abrasion due to particle motion. The shim was
pulled tightly over the sensors and connected to the tube by
a clamp, as shown in Figure 3.1. A thin film of Omegatherm
201 was deposited between the sensors and the shim to reduce
thermal contact resistance. Similar total gauges were
earlier employed by George (66) and Goshayeshi (78).

George (66) analyzed the following effects on the total

gauge performance: (a) heat conduction along the shim
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surface, (b) disturbance of the thermal boundary layer in
the bubble contact region due to nonuniform surface
temperature. The reduction in total heat flux measurement
was found to be 2% due to the presence of the stainless
steel shim, and 4% due to the nonuniform surface
temperature. Interested readers may consults George (66) and
Appendix B.l1l for a detailed discussion. Instantaneous
measurement of the total heat flux are not possible due to

the gauge’s large response time, 0.24 second (66).

3.1.2 Calibration of Radiation Detector

The calibration procedure and setup were described in
section 2.4. Calibrations were carried out before and after
each exposure to the bed. No significant changes were
observed between these times or from the results associated
with the first exposure, as reported by Alavizadeh (9). The
constants in the linear relationship (Qq vs. Qyp) are,
however, different due to the change of coating material (3M
ECP-2200) on the heat flux sensors. Calibration results for

the three radiative detectors are:

Qrpy = 2.22 Q4 (3.1)
Qrpo = 1.80 Q4 (3.2)

The quantity, Q4. was taken as the average of the
measurements on all three total gauges. The maximum

deviation was 3% at low temperatures (400-600 °C) and within
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1.2% in high temperatures (600-1000 °C) where the actual

interest lies.

3.2 Tube Array Design

In the horizontal tube array design, the tube bundles
are generally arranged in either in-line or staggered
arrays, as shown in Figqure 3.2. Extensive studies have been
made regarding the influence of tube spacing on the heat
transfer in fluidized beds, as reviewed by Saxena, et al.
(122). A P/D, (pitch/tube diameter) ratio is used in the
evaluation of tube spacing. For tube arrays with the in-line
arrangement, P is taken equal to the horizontal pitch (Y).
For staggered arrays, P is taken as the minimum distance
between centers of the adjacent tubes.

The following considerations were made in the tube
array design: (a) comparisons of performance of in-line and
staggered arrays, (b) influence of P/Dg ratio, and (c)
minimum height required between the bottom of tube array and
the distributor plate. Theoretically, adjacent tubes were
found to increase the heat transfer due to increases in the
local interstitial gas velocity. Welty (138) investigated
the effect of tube spacing on the heat transfer performance
of the Adams-Welty model in large particle (Dp = 4 mm)
fluidized beds. A horizontal spacing of 1.5 diameter and a
vertical spacing of 3 diameters were determined to provide
the most effective heat transfer characteristics. Peeler and

Whitehead (115) studied the solids motion around horizontal
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tubes immersed in large particle fluidized beds. A P/D,
ratio of larger than 2 is recommended. Borodulya and Ganzha
(25) suggested staggered arrays on the basis of their
experimental results.

A staggered, equilateral triangular tube array
arrangement was selected due to its superior fluidization
and heat transfer characteristics (64,127,138). A P/Dg ratio
of 3 was chosen in order to allow sufficient particle motion
and avoid the decrease in heat transfer performance for
cases with P/D, much lower than 2 (8,25,82,110). The
distance from the distributor plate to the bottom of tube
array was chosen as 30 cm for the purpose of preventing
irreqgular fluidization at the bottom row (110,127,141).

An array of 9 tubes, made of bronze each with a
diameter of 51 mm, arranged in three horizontal rows, was
used. This arrangement, as shown in Figure 3.3, is the most
common in-bed tube design in industrial fluidized bed
combustors (78). Studies (17,38,110) have shown that the
heat transfer coefficient to individual tubes inside such an
array does not vary significantly with their position. The
instrumented tube was, thus, placed in the center of the 9
tubes, to present a typical tube in an actual, large-bed

array.

3.3 Data Acquisition System
A high precision digital data acquisition system (HP-

3497A) with a maximum sensitivity of 0.001 microvolt was
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used to measure the signals from the heat flux sensors. By
using an HP-85 microcomputer connected with an HP-IB
interface card and a dual disk drive (HP-83901M) as the
control unit, the raw data in microvolts were taken with an
HP-3497A data logger and transferred to diskettes by
commands resulting from locally-developed software. Figure
3.4 is a schematic diagram of the data acquisition system
used in this study. A quick user’s manual for the
application of the data logger employed in the present study
is provided by Alavizadeh (10). A total of 12 channels, 6
for local radiative and total heat flux, and 6 for surface
temperature, were employed during the experiments. The
software allows for the scan time of all 12 channels to be a
minimum of 1.2 seconds.

The time-averaged local surface temperatures and heat
transfer coefficients were computed from the raw data.
Several programs, written in BASIC language, were developed
and employed in data collection, data reduction, and

computation of the superficial velocity.

3.4 Fluidized Bed Facility

All experiments were conducted in the Oregon State
University high-temperature fluidized bed facility. A
detailed design, construction, and operation information of
the facility is covered by Junge (93) and Welty (137). A
discussion of different components and operating procedure

is provided by Alavizadeh (9), George (66,67), and Gosmeyer
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(76) . A schematic of this facility is included as Figure
3.5. The following discussion gives a brief description of
the principal components and their functions. The numbers in

the brackets stand for the components shown in Figure 3.5.

3.4.1 Air and Fuel

Combustion air was compressed and introduced into the
system using an air blower [5] driven by a 30 Hp electric
motor. The flow rate and pressure of the inlet air were
controlled by an air inlet valve [3] and a by-pass valve
[1]. The venturi meter [2] was used to measure the flow rate
of inlet air. calibration of the venturi meter was provided
by Gosmeyer (76). Propane was fed into the burner [6] by the
main fuel valve [9] and burned in the refractory-lined
combustion chamber. The products of combustion were then
directed to the bed test section through the inconel gas

distributor [15]. No combustion occurred in the bed itself.

3.4.2 Test Section

The test section [16], as previously described by
Goshayeshi, et al. (78), has a 30 cm x 60 cm interior with
15.2-cm-thick refractory-lined walls. A total of 15 mounting
ports were built in the test section (3 columns x 5 rows) to
accommodate both tube arrays and a single tube. This
arrangement also provided the ability to investigate the
effect of bed height on the heat transfer performance. The

gas distributor consisted of 2 inconel 601 plates with a
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stainless steel (ASTM 316) 16-mesh screen in between. The
upper plate contains 171 (19 x 9) holes, with a diameter of
6.35 mm, in an in-line array pattern (57.15 mm x 25.4 mm in
area). The lower plate is identical to the upper one except
it has 9.53-mm-diameter holes. A rotary union [17] was used
to adjust the instrumented tube [14] to a desired angular
position for data collection. Particles were prevented frpm
leaving the bed through the disengaging zone and the cyclone
[18]. A view port located on top of the disengaging zone was

used to monitor the bed’s operation condition.

3.4.3 Temperature Control

Bed temperature was monitored and automatically
controlled to the set temperature by two type K (chromel-
alumel) thermocouples and an electronic fuel flow rate
controller. A manual by-pass fuel valve and a fuel flow
rotameter [4] were provided to assist in establishing the
desired bed temperature at higher superficial velocities.

All tubes were cooled and maintained at the desired
temperature by adjusting the flow rate of water, circulating
through the tubes in a closed loop by a 2.2 kW centrifugal
pump [7]. The instrumented tube temperature, which was
monitored by the data acquisition system with software
control, was held below 450 K to prevent damage to the heat
flux sensors. The temperature of the circulating water was

adjusted either by the water flow valve [7] or by the shell
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and tube heat exchanger [8] with city water as a secondary

coolant.

3.5 Bed Particles

The range of nominal particle diameters for fluidized
bed combustors is generally between 0.37 mm and 4.1 mm (40).
A commercialized granular refractory material, ione grain,
with mean diameters of 2.14 mm and 3.23 mm, was used as the
bed material. The mean particle diameter was calculated by
Alavizadeh (9) from the equation suggested by Kunii and

‘Levenspiel (99).
D, =1 8 D (3.4)
p = 1/ 4% (%5/Dp5) '

In this expression, X3 is the mass fraction of ione
grain particles in size interval j, as shown in Table 3.1.
Also shown is the particle material chemical composition
given by the supplier (Intepace Corp., Portland, OR) and its
thermal properties measured by Ghafourian (68). The size

distribution of bed particles remained stable after many

hours of operation (9).

3.6 Experiments

3.6.1 Test conditions and Procedure

For 2.14mm particles, experiments were conducted at bed
temperatures of 812 K, 925 K, and 1000 K, also at 812 K and

925 K for 3.23 mm particles. Both tube arrays and the single



__Mass Fraction (xil

Opening

Screen Diameter Dp = 2.14 mm Dp = 3.23 mm

Number (mm) (%) (%)
4 4.76 0.16 -
5 4.00 0.28 8.8
6 3.36 0.61 36.8
8 2.38 36.5 54.4
10 2.00 36.92 -
12 1.68 19.33 -
16 1.19 4.66 -

pan 0.00 1.54 -

Pp (Particle Density) . 2700 kg/m3

Chemical Composition : 53.5% silica
43.8% alumina
2.3% titania
0.4% other

Thermal Properties :

cC .853 - .982 kJ/kg.K (for 470 - 900 K)

ps™
kp = 1.1 - 1.41 W/m.K (for 494 - 833 K)

‘p = .855 - .874 (for 279 - 452 K)

Table 3.1 sSize distribution, chemical compositions, and
thermal properties of ione grain.
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tube cases were included with exception of the single tube
case at 812 K, which had been performed by Alavizadeh (9).
The single tube results represent a reference to investigaté
the effects of adjacent "cool" tubes on the heat transfer
performance of the tube arrays case. A summary of the test
conditions is shown in first two columns of Table 4.1.

An array of 9 tubes with the instrumented tube in the
middle was placed at the lowest position in the test
section. The bbttom row of the tube array was located 30 cm
above the distributor plate and the slumped (packed) bed
height was 71 cm, as shown in Figure 3.2. Also shown is the
single (instrumented) tube location.

The start up sequence of the fluidized bed facility and
test procedures were previously described by Junge (93) and
Alavizadeh (9) respectively. The minimum fluidization
condition was estimated by visual observation of the bed and

verified by later analysis of total heat transfer data.

3.6.2 Data Collection

Data were collected first at the maximum possible
superficial velocity, then at other different velocities in
a descending sequence. The bed temperature was controlled
within #12 K of the set temperature by adjusting the fuel
by-pass valve during each data collection period.

Data were taken at 0°, 45°, 90°, 135°, and 180° from
the lower stagnation point on the tube with superficial

velocities ranging from below Upnr to approximately twice
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this value; thus, most of the data were in the bubbly-bed
regime. Twelve pieces of data, 3 for radiation, 3 for total
heat flux, and 6 for tube surface temperatures, were
collected in each scan. The minimum scanning time of 1.2
seconds was employed and a total of 150 scans with
approximate total time of 180 seconds were made for each
superficial velocity. This made full use of the computer-
controlled data acquisition system.

Recorded data also included particle diameter, air
inlet pressure and temperature, pressure drop across the
venturi meter, and bed temperature for the purpose of
computing gas flow rate as shown by Gosmeyer (76) and
Alavizadeh (9). The gas superficial velocity is equal to the
gas flow rate divided by the cross section area of the test

section.

3.6.3 Data Reduction
Heat Flux

Conversion of raw data to time-averaged local radiative
flux and total heat flux was carried out first by converting
raw signals in microvolts to sensor surface temperatures
using equation (A.1). The detected heat flux was then
computed using equation (A.2). A detailed discussion of the
conversion procedure is presented in Appendix A.

The time-averaged local heat transfer rates (Qpp and

Q) and tube temperature (T,) were obtained according to:
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Q@ (or T, = - E o ror (1) (3.5)

Where N = 50 for the experiments in chapter 2.

2
i

150 for the experiments in chapter 4.

refer to each reading.

[N
il

The spatial-averaged heat transfer rates (Qp, and Qi)
were calculated using the trapezoidal rule in the form

_ 1

Q = — [Q(a=0°) + 2Q(a=45%) + 2Q(a=90°)

8
+ 2 Q(a=135°) + Q(a=180°)] (3.6)

The black tube radiative heat flux (Q,}) was obtained
from the detected heat flux employing the calibration data,
equations (3.1) to (3.3). The actual radiative heat transfer

rate, Q,, could then be evaluated from the measured tube

wall emissivity with the grey body assumption

Qr = ¢y b (3.7)

Heat Transfer Coefficient

Local heat transfer coefficients (hy,, and hy) were

computed by

Q

(3.8)
Te-Ty

The temperatures obtained from the total heat flux

gauges and radiation detectors were used as approximations
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for tube wall temperature (T,) in equation (3.8). George
(66) computed the temperature drop across the stainless
steel shim on the total gauge to be less than 1.8 K, which
represented 0.3% of the bed-to-tube surface temperature
difference. Also from the conduction analysis and
experiments of Alavizadeh (9), it was determined that these
approximations introduce negligible error.
The spatial-averaged heat transfer coefficients (Hrb
and Ht) were calculated from local values as
1
h = -;- [h(e=0°) + 2h(a=45°) + 2h(a=90°)

+2h(a=135) +h(2=180°)] (3.9)

Radiation Contribution
The black tube radiation contribution (f) to total heat
transfer is determined by;

Q
£ (%) = rb (3.10)

Qr + (1-¢,)Qpp

Where (lffw)Qrb compensates for the spatial averaged
total heat flux (Q) which was obtained on the nonblack tube

with an emissivity of ¢,. The value of ¢, was found to be

4
0.37 for the stainless steel shim which covered the total
heat flux gauge, and a value of 0.64 was used by Alavizadeh
(9) . The reason for this difference is that the stainless

steel shims were polished by sand paper in the present

study, reducing its emissivity (125,140). This change will



have no effect on the calculation of black tube radiative

heat transfer.

Errors

A RSS (Root-Sum-Square) random error of 8%, due to
calibration of the heat flux sensor and experimental data
acquisition, was calculated for the local total heat flux
(Q¢) measurements. The error in local radiative heat flux
(Qyp) measurements was +9%. The larger error for the
radiation measurements was a result of the additional local
calibration procedure with the radiation detector.

The overall errors estimated in the local total and
radiative heat transfer coefficients (hyp, and hy) reported
in this study were found to be +8%, -14% and +12.5%, -11.5%
respectively. Detailed calculations and a discussion of the
error estimation can be found in Appendix B. Note that both
actual RSS random and overall errors are always below the
estimated values which are obtained by the maximum values of

all possible variations combined.
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IV RESULTS AND DISCUSSION

Experimental results for all test conditions are
tabulated in Appendix C (Table C.1 through C.10). The
radiative heat transfer results (Hrb and h,,) for tube
arrays immersed in a large-particle bed are believed to be
the first of their kind. Note that all radiative heat
transfer coefficients and radiation contribution in
percentage (f) reported in this study were calculated for a
black tube wall (¢4 = 1.0). The actual radiative values can
be obtained from equation (3.7).

Table 4.1 summarizes the test conditions and highlights
some of the findings of the present work. The minimum
fluidization velocity (Upg) corresponds to the
transformation of a packed to a bubbly bed. The optimum
superficial velocity (Uop) is the fluidizing velocity at
which the total heat transfer coefficient approaches a
maximum (Hmax)' This is of great importance in designing
fluidized bed combustors since they are expected to have a
maximum heat transfer rate under normal operation condition.
Also shown in Table 4.1 are the corresponding radiative
values, h,y and f at h_ ., where f is the radiation
contribution, in percentage, calculated from equation

(3.10).
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At hp.x
Dp Te Unt Uop hpax hep £ (e=1)
(mm) (K) (m/s) (m/s) (W/m2.K) (W/m2.K) (%)
812 A** 1.60 2.09 181 21 11.8
8127(s*) 1.62 1.85 189 21.9 12.3
2.14 925(A) 1.64 2.15 193 27.5 13.5
925(S) 1.65 2.15 205 32.1 15.5
1000 (A) 1.73 2.17 200 28.4 14.3
1000 (S) 1.71 2.02 217 37.3 17.2
812 (2) 2.30 2.68 178 20.7 11.9
8127 (8S) 2.31  2.62 184 24.0 13.8
3.23
925 (A) 2.32 2.68 183 24.6 13.5
925 (S) 2.33  2.61 196 31.5 16.4
* Stands for tube array # Stands for single tube

+ Data from Alavizadeh (9)

Table 4.1 Test conditions and results at optimum
superficial velocity.

es onditions Reductijons (%) ——fgvg {3)

Dp (mm) T¢ (K) hy hyp Array Single
812 6 9 12.2 13.1*

2.14 925 7 14 14.1 16.1
1000 8 22 14.8 18.0
812 6 15 12.0 13.5%

3.23
925 6 21 13.8 16.9

* Data from Alavizadeh (9)

Table 4.2 Overa}l.radiation contribution and heat transfer
coefficient reduction in the bubbly-bed state.



4.1 Spatial Average Heat Transfer

Results of the spatial-averaged radiative and total
heat transfer coefficients with respect to superficial
velocity are presented for both tube arrays and a single
tube case. The discussion will include the effects of
superficial velocity, bed temperature, particle size, and
adjacent "cool" tubes on both the radiative and total heat
transfer performance. Also discussed in section 4.1.1 are
the radiation contributions under different test conditions.
Comparisons are made between the results of the present

study and those reported in the literature.

4.1.1 Radiative Heat Transfer

The variations in the spatial-averaged radiative heat
transfer coefficient (h, ) as a function of superficial
velocity (Uy) are shown in Figures 4.1 and 4.2, for both the
tube array and the single tube cases respectively, with a
particle diameter of 2.14 mm, at three different bed
temperatures (812 K, 925 K, and 1000 K). Results for the
3.23 mm particle at two different bed temperatures (812 K
and 925 K) are shown in Figures 4.3 and 4.4. Comparisons of
the radiative values between the tube arrays and the single
tube at different bed temperatures are illustrated in
Figures 4.5 and 4.6, for 2.14 mm and 3.23 mm particles

respectively.
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Figure 4.1 hy, and hy vs. U, for D, = 2.14 mm (Tube Array).

18



HEAT TRANSFER COEFFICIENT h (W./mZ2.K)

240

220

200

180

160

140

120

100

20

A From Alavizadeh

V TOTAL(1000K)
X TOTAL(925K) O  From Alavizadeh

A TOTAL(812K)

TOTAL AND RADIATION HEAT TRANSFER FOR
¢ RADIATION(1000K) Dp = 2.14 mm (SINGLE TUBE)
+ RADIATION(925K)
O RADIATION(812K)

b

A
1 (e
v

-
-
-
-—t
-
-—
-—
-
—

1.6 1.8 2 22 24 26 2.8 3 3.2 3.4
SUPERFICIAL VELOCITY U, (m/sec)

Figure 4.2 hy and hy vs. U, for Dp = 2.14 mm (Single Tube).

(4:]



HEAT TRANSFER COEFFICIENT h (W/mZK)

Y
}
23

200
190 —
180 -
170
160 -
150 -~
140 -
130 —
120 -
110
100 -
90
80
70
€60 -
50 -
40 -
30
20 -
10 -~

A A——A——A

TOTAL(812K)
TOTAL(925K)

> +

O  RADIATION(812K)
¢  RADIATION(925K)

TOTAL AND RADIATION HEAT TRANSFER FOR
Dp = 3.23 mm (TUBE ARRAY)

7S

Figure 4.3

2.3 2.5 2.7 2.9 3.1 3.3
SUPERFICIAL VELOCITY Ug (m/sec)

h,., and hy vs. U, for Dp = 3.23 mm (Tube Array).

£8



2,K)

h (W/m

HEAT TRANSFER COEFFICIENT

210
200 -
190 -
180 -
170
160 -
150 -
140 -
130 -
120 -
110 -
100 -
90 —
20 - TOTAL AND RADIATION HEAT TRANSFER FOR

70 Dp = 3.23 mm (SINGLE TUBE)
60 -
50 -~

+ From Alavizadeh

4  TOTAL(925K) O From Alavizadeh

+  TOTAL(812K)

& RADIATION(925K)
O RADIATION(812K)

L4

30 - ————¢ "
20 -~ Eﬁgga

10

2 22 2.4 2.6 2.8 3 3.2
SUPERFICIAL VELOCITY U, (m/aec)

Figure 4.4 hyy and hy vs. U, for D, = 3.23 mm (Single Tube).

3.4

8



45
Q 40 - ~ A 9 A“’—o
o~ M M
£
; 35 -1
|
Z 30 -
]
0
b
b 25 -
(o]
(&)
& 20 -
[
7]
s ,
= 15 RADIATION HEAT TRANSFER FOR
'
v} Dp = 2.14 mm
I 10 -
00 Data From Alavizadeh
5 7 T T 1 1T T T T T 1 T T 7T T T T 71
1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
SUPERFICIAL VELOCITY Ug (m/nc) :
O SINGLE(812K) +  SINGLE(925K) ©  SINGLE(1000K)
A ARRAY(812K) X  ARRAY(925K) * ¥V ARRAY(1000K)

Figure 4.5 hp, vs. U, for Dp = 2.14 mm.

3.4

S8



h 2 xy

HEAT TRANSFER COEFFICIENT hréW/m

35

30

25

20

15

10

O Data From Alavizadeh

»
t

RADIATION HEAT TRANSFER FOR

Dp = 3.23 mm

I ! I ! ] ! | ! ] I ! I

2.2 2.4 2.6 2.8 3 3.2

SUPERFICIAL VELOCITY U o (m/sec)
+  SINGLE(925K)
A ARRAY(925K)

D  SINGLE(812K)
¢  ARRAY(812K)

Figure 4.6 hyy vs. U, for Dy = 3.23 mu.

3.4

98



87

Effect of Superficial Velocity

A sharp increase in h, under all test conditions is
noted as U, reaches Upfe- The same behavior was observed by
Alavizadeh (9) and Alavizadeh, et al. (12) for a single
tube. This behavior is primary due to the bubble-induced
particle motion which replaces the cold particles near the
tube wall, particularly in the "lee stack" region on the
upper half of the tube, as shown in Fiqure 1.3. A detailed
discussion of this influence is presented in section 4.2.1.

As Uy is increased well beyond U £r hpp increases very

m
slowly eventually approaching an asymptotic value, which
implies that radiation transfer is relatively insensitive to
the changes of bed density. The higher bubble contact
fraction, f,, at higher U, results in larger radiation
contributions in the bubble phase, which also compensates
for the loss of radiation in the emulsion phase. Data of
Alavizadeh (9), Alavizadeh, et al. (12), and Vadivel and
Vedamurthy (131) shows similar trends except that Vadivel

and Vedamurthy observed a slight decrease in Hrb past a

maximum in their experiments for Dp = 0-6 mm, T¢ = 1023 K.

Effect of Bed Temperature

Bed temperature has a pronounced effect on Hrb for all
test conditions as shown in Figures 4.5 and 4.6.
Specifically Hrb increased approximately 70% for the single
tube case with Dp = 2.14 mm when the bed temperature was

increased from 812 K to 1000 K, and it is approximately 55%



for the tube array case with D, = 2.14 mm. It was found that

p
Hrb increased more sharply at higher T¢ as U, approached
Upf- This behavior is directly attributable to the fourth-
power temperature dependence in the Stefan-Boltzmann law of

thermal radiation.

Effect of Particle S8ize

The effect of particle size was not found to be
significant for the two particle sizes chosen (2.14 mm and
3.23 mm) in this study, except that the radiative heat
transfer rate for the smaller particles was more sensitive
to a change in U, as Uy approached U,¢. It was noted,
however, that large particles in a bubbly bed experienced a
smaller temperature drop, and thus, had a higher average
temperature as they came into contact with immersed
surfaces. Accordingly, there is a higher radiation
contribution than with small particles at the same bed
temperature. Investigations of Alavizadeh, et al. (12) for
Dp = 0.5 mm - 3.23 mm, Vedamurthy and Sastri (135) for D, =

p
3.15 mm and 6.3 mm, and Vadivel and Vedamurthy (131) for D

P
= 0-6 mm clearly demonstrated these effects. Results of
Alavizadeh, et al. suggested that, from the standpoint of
radiation contribution, particles with a mean diameter in
the range of 1 mm to 2 mm could be classified as

"intermediate" rather than "large" in high temperature

fluidized bed applications.
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Effect of Adjacent Cool Tubes

The data obtained with a single tube provide a basis
for studying the effects of neighboring "cool" tubes on
radiative heat transfer performance. Values for the
radiative heat transfer coefficients as a function of
superficial velocity for both tube arrays and a single tube
are shown in Figures 4.7 through 4.11.

Radiative heat transfer coefficients for tube arrays
are lower than for a single tube under all test conditions,
as indicated in Figures 4.7 and 4.11, as well as in Figures
4.5 and 4.6. The average reductions in h,, under bubbly bed
conditions were calculated by comparing these two cases.
Values for the percent decrease under different test
conditions are tabulated in Table 4.2. It was found that the
decrease in Hrb is greater for larger particles and at
higher temperatures. This is due to the effect of the
presence of neighboring "cool" tubes in the hot bed which
absorb heat from the particles and reduce the effective bulk
bed temperature.

A calculation, using an effective bed emissivity, Cof =
Qrb/de4, indicates the effective bed temperatures for tube
arrays to be 804 K, 890 K, and 934 K for 2.14 mm particles
at bed temperatures of 812 K, 925 K, and 1000 K,
respectively. The corresponding effective temperatures are
783 K and 870 K for 3.23 mm particles at bed temperatures of

812 K and 925 K.
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The number of particles between adjacent tubes is about
30 for 3.23 mm particles and about 45 for 2.14 mm particles.
At the same bed temperatures, values listed in Table 4.2 for
an array, show the decrease in radiative heat transfer
coefficient to be higher for larger particles than for small
particles, when compared with a single tube. It is clear
that the effective bed temperature is lower for the case of
larger particles. Two effects contribute to this situation.’
On the one hand, bubbles sweep the cooler particles from the
bottom row of the array upward. This bubble-induced particle
motion decreases the surrounding temperature at upper levels
in the tube arrays, and thus, will decrease the thermal
radiation exchange. Also, larger particles offer greater
"see through" effects from the neighboring "cool" tubes in a
bubbly bed which further results in a lower surrounding
temperature. The reduction will be even higher if bed

operation is in the slugging or turbulent regimes.

Radiation Contribution

The radiation contributions (f) to total heat transfer
rate, under different test conditions, are listed in Tables

C.1 through C.10. The overall radiation contributions (fave)

were computed as the average of f in the bubbly-bed state

(Up > Upg) . Values of f for each test condition are

ave

listed in the last two rows of Table 4.2, also in Table C.1

through C.10.
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Comparisons

The correlation proposed by Glicksman (70), equation
(1.9), provides an upper limit for the radiation
contribution in the emulsion phase. It was found that all
values of the radiative heat transfer coefficient obtained
in this work are within the limits predicted by equation
(1.9).

No experimental data are available in the literature
comparing radiation results for tube arrays. Results of the
single tube case are in excellent agreement with those
obtained by Alavizadeh (9). In light of the dependence of
the radiation contribution on different test conditions,
such as particle size, bed temperature, and particle and
surface radiative properties, no further comparisons with
other experimental investigations can be made for the single
tube.

Alavizadeh (9) assumed the radiation in fluidized beds
to be proportional to the fourth power of the bed
temperature and compared his results with some other studies
(16,22,37,89,112,114) by plotting hy vs. Tg3, as shown in
Figure 4.12. This might be useful since the single tube
results of the present study are in good agreement with his.

A number of analytical models have been developed for
radiation heat transfer in a fluidized bed, as described in
section 1.3.1. No comparisons of the present study results
can be made with existing models since they require special

input parameters such as bubble contact fraction, bubble
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frequency, emulsion residence time, particle spacing, and
transmission characteristics, which were not measured in

this study.

4.1.2 Total Heat Transfer

Figures 4.1 through 4.4 show the spatial-averaged total
heat transfer coefficient (Ht) as a function of superficial
velocity (Ug,) under different test conditions. A close look

at the total data is provided in Figures 4.13 and 4.14.

Effect of sSuperficial Velocity

When U, approaches the minimum fluidizing velocity
(Upg) » Wy increases sharply due to the gas-particle
agitation as was explained in section 4.1.1. This sharp
increase is followed by a short period of a more gradual
increase, Ht reaching a maximum value for U, somewhat
greater than Uper, and then shows a slow decrease. This
behavior was noted by many other investigators for a wide
range in particle sizes and bed temperatures. The slow
decrease can be attributed to the decrease in bed density
and also greater bubble contact fraction (f,) at higher

values of Uo'

Effect of Bed Temperature

The effect of bed temperature was not evaluated in most
of the total heat transfer studied since they were conducted

at low or ambient temperatures. Increases in Ht (Figures
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4.13 and 4.14) and hp,, (Table 4.1) for all test conditions
were found as the bed temperature was increased, e.g. for
the single tube case with 2.14 mm particles shown in Table
4.1, there was an increase, in Hmax' of 28 W/mz.K (15%) when
the bed temperature was elevated from 812 K to 1000 K, and
the increase was 19 W/mz.K (11%) for the tube arrays.
Comparing the increase in Hrb under identical conditions (15
W/m?.K and 7 W/m2.K), the change in hp.x (or hy) cannot be
explained solely by the additional radiative contribution,
as suggested by some investigators (90,113,128).

Observed variations of h,,, and hy with T¢ should not
be quantitatively generalized here due to scattering in the
radiation data. Reasons for the higher total heat transfer
at elevated temperatures can be physically explained by both
the greater radiation contribution and larger gas-solid
convection, resulting from the increased gas thermal
conductivity. Similar conclusions have been reached by other
researchers (9,75,144). Alavizadeh (9) suggested this
behavior to be due to the variation in thermophysical
properties of the gas with bed temperature, i.e. a greater
thermal conductivity at higher bed temperatures results in
increased particle convection. Golan, et al. (75) concluded
that gas and solid thermal properties play a role in the
variation of total heat transfer with bed temperature.
Yoshida, et al. (144) suggested that it is affected by the
increase in both the thermal conductivity in the emulsion

phase and the bubble frequency, rather than radiation.
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Effect of Particle 8ize

Total heat transfer in beds over a wide range in
particle sizes has been reported (18,95,109,113,133) and
discussed (30,79,102,145) by various investigators. Results
of such findings are illustrated in Figure 4.15, in which
the maximum heat transfer coefficient is plotted against
particle diameter. The decrease of Hmax with Dp in the fine
particle range (Dp < 0.02 mm) is due to poor fluidization
characteristics (agglomeration and channeling) of such fine

powder. In the small particle range (0.02 mm < D, < 1 mm)

p
where the particle convective component (hpc) dominates,

hpax decreases with increase in D, caused by a greater

p
thermal resistance between particles and heat transfer
surfaces, a smaller particle surface area per unit volume of
the bed, and a higher bubble contact fraction for larger

particles. Further increases in D, eventually result in a

p
transition (1 mm < Dp < 2 mm) from small-particle to large-
particle effects (Dp > 2 mm) in which the gas convective
component (hgc) becomes dominant. In this position of the

size spectrum, Hmax increases with D, due to higher

p
fluidization velocities and a corresponding increase in
particle Reynolds number (Rep).

In the present study small decreases (1% - 5%), in Hmax
with an increase in particle size from 2.14 mm to 3.23 mm,
were noted for both tube arrays and a single tube at the
same bed temperature, as shown in Table 4.1 and Tables C.1

through C.10. Decreases for tube arrays are relatively less
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than for a single tube. Similar trends were found by
Alavizadeh (9) and Goshayeshi (77) while the results of
George (66) showed no significant difference for these two
particle sizes. This is because the particle sizes employed
fall into the transition region, as shown in Figure 4.15,

with a corresponding small difference in magnitude for Hﬁax’

Effect of Adjacent Cool Tubes
The effect of adjacent-tube-spacing on total heat

transfer was studied extensively for small particle beds at
low temperatures, as summarized by Botterill (30), Grewal
(79), and Saxena, et al. (122). The tube array arrangement
was designed according to the studies by Welty (138),
Catipovic (40), and others (25,64,127), as already discussed
in section 3.2.

The relative decrease in Ht for the tube array relative
to a single tube remained almost unchanged (6% - 8%) as the
bed temperature was increased for both particle sizes, as
shown in the third column of Table 4.2. The data obtained by
Goshayeshi (77) under almost identical test condition showed
about the same magnitude for the decrease in Ht' Similar
trends were also found in the experiments conducted by
Catipovic (40) for a wide range of particle sizes (0.37 mm <
Dp < 6.6 mm) at ambient temperature. His suggested
correlations, equations (1.2) through (1.6), also suggest
such an-invariance for low-temperature beds. When comparing

the decrease in h,,, the indication is that the relative
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decrease in Et is less sensitive to the change in bed

temperature than is h,y.

Comparison

Figure 4.16 shows the maximum Nusselt number (Nug.,.) as
a function of Archimedes number (Ar) for the present tube-
array case and for some other studies conducted by
Alavizadeh, et al. (12), Goshayeshi (77), and Catipovic
(40) . The properties of air, evaluated at the bed
temperature, were used in the calculations of ﬁamax and Ar.
Also shown are the correlations proposed by Maskaev and
Baskakov (109) and Zzabrodsky, et al. (147). For larger

particles, Maskaev and Baskakov suggested the formula

Nup,, = 0.21 Ar0-32 1.4 x 10 < Ar < 3 x 108 (4.1)

Zabrodsky, et al. (100) expressed their correlation as

Nup . = 0.88 Ar0-213 80 < Ar < 10° (4.2)
It is observed that equation (4.1) fits the tube array
data of the present study at higher temperatures (925 K and
1000 K) quite well; it fits single tube data even better.
As described in section 1.3.2, different correlations
have been proposed recently to estimate the total heat
transfer for horizontal tubes immersed in large particle

beds and their predictions agree reasonably well with most
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of the existing data for low temperature beds. If the
radiation contribution is neglected, however, these
correlations tend to underestimate the convective heat
transfer coefficients obtained in this work as well as those
of Alavizadeh (9) obtained in a high-temperature bed.
Specifically, the correlations suggested by Catipovic (40),
equations (1.2) through (1.6), underestimate our results by
approximately 15% at T¢ = 812 K and 20% at T¢ = 1000 K. This
difference indicates that equation (1.3) underestimates the
gas convective component at high temperature bubbly-bed
conditions since it was obtained based on the minimum

fluidization condition in a cold bed (19).

4.2 Local Heat Transfer

Tables C.1 through €.10, in Appendix C, list the
complete results of the time-averaged local heat transfer
measurements for both tube arrays and a single tube.
Graphical results showing local heat transfer coefficients
(hrb and h¢) for the tube arrays are presented for a range
of superficial velocities under each test condition. The
effect of superficial velocity on local heat transfer
performance will now be considered. Also to be considered is
the effect of adjacent "cool" tubes by comparing the results
of these two cases.

The distribution of local heat transfer coefficients
(hyp and hy) for both cases was found to be invariant with a

change in bed temperature for the particle sizes employed in
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this study, although they do affect the magnitude of these
local values, and thus special-averaged heat transfer
performance, as discussed in section 4.1. Similar trends
were shown in the experimental studies of Alavizadeh (9),
Goshayeshi, et al. (78), and George (66). No further

attempts will be made to discuss these effects.

4.2,.1 Local Radiative Heat Transfer

Values for the local radiative heat transfer
coefficient (h,p) around the instrumented tube for tubes
arrays are displayed in Figures 4.17 through 4.21. Each
figure shows the results with a given particle size and bed

temperature for six superficial velocities (U Two values

o)

of velocity are below Une? the others are greater.

Effect of Superficial Velocity

Values of h,, are relatively low at packed bed
conditions (U, < Un,f£)» particularly on the down stream side
of the tube (a > 90°9). As U, reaches a value slightly higher
than Up¢, a large increase in hy, with U, was observed over
the upper half of the tube (a =135° and 180°). A more
uniform distribution of h,,, was established as higher values
of U, were reached. Values of h,p on the lower half of the
tube, however, were always higher for all tests conducted.
Results of Alavizadeh (9) and Alavizadeh, et al. (12)

displayed the same behavior for D, = 0.5-3.23 mm.
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The relatively low radiation heat transfer values on
the upper half of the tube at low U, are caused by the
"cool" stagnant defluidized particle "cap" formed on the top
of the tube. The hydrodynamics of the so called "lee stack"
region have been studied by various investigators
(65,84,85), as described in section 2.1. As U, is increased
significantly above Upges, the "cap" collapses due to the
influence of rising bubbles, and the "long-staying and
cooled" particles are replaced by fresh hot ones. Thus, the
local radiation heat transfer is significantly increased. An
increased particle mobility also produces a more uniform
distribution of h,, around the tube.

As noted earlier, values of h,y, on the lower half of
the tube are insensitive to changes in U, and remain higher
than those for the upper half even for the bubbly-bed regime
in which the lower portions of the tubes are generally
shrouded by gas bubbles (85,120). This implies that, for the
entire range of Uy, the radiation contribution due to the
bubble phase compensates for the reduction in the emulsion
phase which is caused by the low particle density adjacent
to the lower half of the tube. In contrast, data, obtained
by Vadivel and Vedamurthy (131) for a single horizontal tube
with Dp = 0-6 mm and T¢ = 1023 K, displayed an increase in
h, with U, followed by a decrease as U, approached 2Up¢. The
maximum local radiative heat transfer coefficient was
observed to shift to the lateral position (a = 90°). This

behavior is likely due to the inability of the bubble-phase



radiation to match the losses in the emulsion phase at very
high superficial velocities. No other experimental data are

available for analysis.

Effect of Adjacent Cool Tubes

Data for tube arrays show lower values at lateral
positions, i.e. a = 45°, 90°, and 135°, compared with a
single tube, due to the effect of adjacent "cool" tubes in a
hot bed. These decreases are more pronounced at higher bed
temperatures and for larger particles due to the sensitivity
of the radiation to the drop in average bed temperature and
the larger "see through" effect with larger particles,
respectively. Further comparisons of h,), with those in hg
show greater relative decreases in the local radiative heat
transfer coefficient. This implies that the radiation
contribution is more sensitive to bed temperature than is
the total heat transfer. It further explains why the
reduction in spatial-averaged radiative heat transfer
coefficient (Hrb) is larger than that of total value (ﬁﬁ),

as discussed in section 4.1.

The maximum local radiative heat transfer coefficient
with tube arrays always occurred at the stagnation point (a
= 0) for all test conditions. This was caused by the effect
of adjacent "cool" tubes. An additional effect is the
constant interchange of bubbles and particles at the

stagnation point, as discussed by Keairns (94). For a single
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tube, however, the maximum value still remained at the lower
position of the tube (a = 09, 45°, and 90°). This is because
the regular replacement of cold.particles by bubble action
induced fresh hot ones in this region. This is consistent
with observations by Peeler and Whitehead (115), Loew, et

al. (103), and other (9,15,40).

Comparison

To our knowledge, the only other local radiative heat
transfer measurements reported are those of Alavizadeh (9),
Alavizadeh, et al. (12), and Vadivel and Vedamurthy (131).
Local radiation values and their behavior in the present
study, for a single tube, show excellent agreement with the
results of Alavizadeh and fair agreement with those obtained
by Vadivel and Vedamurthy. Results with tube array cases are
the first of their kind.

Mahbod (104) developed a theoretical model for the
radiative heat transfer to an immersed horizontal tube. He
found the local radiative data of Alavizadeh to agree
reasonably well with his analytical predictions. The
information regarding emulsion residence time and bubble
contact fraction were interpolated from measurements of
Catipovic (40) for 1.3 mm and 4.0 mm particles in a two-

dimensional cold bed.



4.2.2 Local Total Heat Transfer

Graphical results are included in Figures 4.22 through
4.26. Tabulated data for the single-tube case are listed in

Tables C.6 through C.10.

Effect of Superficial Velocity

The effect of superficial velocity has been discussed
by Goshayeshi, et al. (78), Alavizadeh (9), and George (66) .
The most obvious trend is a sharp increase in hy at the
downstream side of the tube as U, approaches Up¢. This is
known to be caused by the removal of the defluidized "cap"
of particles, as described in section 4.2.1. The same
behavior has been observed in previous local heat transfer
studies in both high-(9,66,74,78) and low-(22,40,49)
temperature beds.

The distribution of hy around the surface of the tube
tends to be more uniform as U, is further increased. This
distribution has been found (40) to be more uniform for
large particles than for small particles (Dp < 1 mm) with
the same value of Uo/Upe- Thus, if there is concern for
thermal stress in the tﬁbes, operation with large particles
at higher superficial velocities will provide less stressful
conditions. Values of hy display a small variation with U,
in an irregular manner at the lower stagnation point, as
shown in the figures. Similar trends were observed by
Goshayeshi, et al. (12), Alavizadeh (9), and Chandran, et
al. (46).
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In the bubbly-bed regime (Ug > Upe), the maximum local
heat transfer coefficient (h,pax) a@always occurred on the
upper half of the tube, shifting from the equatorial lateral
zone toward the downstream side of the tube at higher U,.
This observation is consistent with the results of many
other investigations (9,23,46,49,66,74,78) under a variety
of test conditions. As U, reaches Up¢, the high rate of
interaction of particles and bubbles at the lateral zone
results in maximum local heat transfer (47,120). Bed
porosity in this zone and the particle replacement rate in
the high bed density region on the top of the tube increase
significantly as U, is raised. This behavior is responsible

for the shift of h ..

Effect of Adjacent Cool Tubes

Values of hy for tube arrays are generally lower than
for a single tube as expected although some discrepancies in
the distribution of h, were observed, which are discussed
below.

The shift of h,max is more pronounced for tube array
due to the higher gas velocity between tubes in an array
compared with a single tube at the same ratio of Uo/Ups-
Gelperin, et al. (65) noted that the "cap" of defluidized
particles on top of the tubes in an array tend to become
less stable, which results in h,nax Peing displaced more

rapidly near the upper stagnation point.
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Values of hy at the lateral position for tube arrays
apparently experience larger reductions due to the presence
of adjacent "cool" tubes and increased bed porosity due to a
higher local gas velocity in this region. The reductions are
greater for smaller particles and higher temperatures.

It was also found that the distribution of hy is more
uniform for tube arrays than for a single tube, which
suggests that tube arrays will provide lower thermal stress

levels.

Comparison

Goshayeshi, et al. (78) conducted experiments to
measure local total heat transfer coefficients (hy) for tube
arrays under the same test conditions as this study, Dp =
2.14 mm and 3.23 mm and Tf = 812 K, 922 K, and 1005 K.
Experiments performed by Alavizadeh (9) and George (66) for
a single tube also involved local total heat transfer
measurements for Dp = 2.14 mm and 3.23 mm and T¢ = 812 K and
1050 K. The range and behavior of the local total data of
the present study for both the tube array and a single tube
agree well with those obtained by Goshayeshi, et al. (78)
and Alavizadeh (9), respectively. Similar behavior has been
reported for large-particle low-temperature beds

(40,46,49,66,74). For identical particle sizes, values

obtained in a low-temperature bed are always lower.



V. CONCLUSIONS AND RECOMMENDATIONS

5.1 conclusions

The time-averaged local radiative and total heat
transfer coefficients have been obtained for an array of
tubes as well as a single tube immersed in high-temperature
large-particle beds. Experimental evidence shows that the
radiative heat transfer detector employing a silicon window
as a protective and transmitting medium will lead to
accurate and reliable measurements of radiative heat
transfer in fluidized bed.

The experimental results have been presented and
discussed. It was found that the radiation heat transfer to
a single tube case does not represent the results for tube
arrays due to the presence of the adjacent "cool" tubes and
the greater "see through" effect associated with large
particles. However, the total heat transfer coefficient for
tube arrays, compared with the single tube case, did
decrease in the same relative amount (6% - 8%) for all the
test conditions involved.

Superficial velocity had a significant effect on heat
transfer coefficients measured or calculated for all cases
included in this study. It was observed that the spatial-
averaged heat transfer coefficients experienced a sharp
increase when superficial velocity (Uy) was increased above
the minimum fluidization velocity (Upg) as a result of

bubble-induced particle motion. The spatial-averaged total
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heat transfer coefficient approached a maximum at Uy
slightly above Unfgr and then experienced a slow decay with
further increase in U, while the spatial-averaged radiative
heat transfer coefficient tended to reach an asymptotic
value.

The local radiative and total heat transfer
coefficients displayed more uniform distribution along the
circumference of the tube at higher values of U,. Both the
radiative and total heat transfer rates at the upper half of
the tube increased sharply as U, approached Up¢ while those
at the lower stagnation point on the tube were observed to
be relatively insensitive to U,. The location of the maximum
local total heat transfer coefficient shifted from the
lateral zone to the downstream side as U, was further
increased. This behavior is more pronounced for tube arrays
due to the higher local superficial velocity between tubes
in an array.

At higher bed temperatures, the radiative heat transfer
coefficient for tube arrays experienced a larger decrease
than did the total heat transfer coefficient. This implies
that the radiative component is more sensitive to a change
in bed temperature. All heat transfer results obtained
showed only minor variation with the particle sizes used in
this study.

The conduction error inherent in different radiative
heat transfer studies was quantified using results for local

radiative heat transfer measurements employing quartz and
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sapphire as window materials. Other conclusions obtained in

present work are in the following:

1)

2)

3)

4)

5)

6)

The reduction in the radiation contribution with
tube arrays relative to a single tube is more
pronounced for larger particles and higher bed
temperatures due to the greater "see through" effect
of larger particles and the presence of neighboring
"cool" tubes in a hot bed.

Local radiative heat transfer coefficients at
lateral tube positions experienced a greater
decrease than at other positions for tubes in an
array.

The local radiative heat transfer coefficient was
always a maximum at the lower stagnation point while
values over the top half of the tube increased
steadily as U, was increased.

The increase in the total heat transfer coefficient
with bed temperature, in large-particle beds, is due
both to a greater radiation contribution and
increased gas-solid convective heat transfer.

The distribution of local radiative and total heat
transfer coefficients was insensitive to particle
size, for the two sizes used in this study.

The shift of maximum local total heat transfer
coefficient (hymay) toward the downstream side of
the tube was more pronounced for tube arrays and for

smaller particles.



7) Correlations based on the studies in large particle
cold beds tend to underestimate the total heat
transfer performance of high-temperature beds.

8) Tube emissivity plays an important role in
determining the actual radiative heat transfer rate

to tubes immersed in beds.

Recommendations

1) The present work could be extended to cover a wider
range of particle sizes and bed temperatures, other
bed materials, and different tube spacings.

2) Radiative heat transfer studies for turbulent bed
conditions and/or in the free-board section are
highly recommended for future work due to their
practical importance in the area of circulating-
fluidized-bed (CFB) combustion.

3) The effect of bed temperature on total heat transfer
coefficients in large particle beds needs to be
further investigated. This requires more theoretical
information and experimental work about the
different heat transfer mechanisms and bed
hydrodynamics at elevated temperatures.

4) It is desirable to develop predictive correlations
for the heat transfer to horizontal tubes immersed
in large-particle high-temperature fluidized beds.
However, there are many experimental studies of the

effects such as tube spacing, tube size, particle
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5)

6)

7)

8)

129

residence time, bubble contact fraction, and bubble
frequency, remained to be performed in order to
provide necessary information in the derivation of
such correlations.

A radiative heat transfer study for an array of
tubes immersed in small to intermediate-size

particle beds (.1 mm < D, < 2 mm ) could be

p
conducted as a continuation of the present work
without difficulty. However, The fluidized bed
facility used in this work precludes extension to
larger particles (Dp > 4 mm) due to a limitation on
the air blower capacity.

Some efforts should be directed toward a better
understanding of radiation contributions in the
bubble phase. This requires information on the
radiative properties of the enclosure of a bubble
and the bubble contact region.

It is suggested that the effect of tube spacing on
local radiative heat transfer performance should be
further investigated for a wider range of particle
sizes and bed temperatures. Detailed physical
insight of the bed hydrodynamics with immersed tubes
are needed so that this effect can be theoretically
and quantitatively determined.

The radiative detector used in this work offers the
capability for fast sampling of radiation data due

to its short response time (120 msec). Instantaneous



9)

10)

11)

12)
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radiative heat transfer data can thus be obtained.
Such information would likely provide some
hydrodynamic information, such as particle residence
time, bubble frequency, and bubble contact fraction,
in high-temperature fluidized beds, which are needed
for modeling the heat transfer mechanisms between a
high-temperature fluidized bed and immersed
surfaces.

Computérs with larger memory, particular ROM space,
are needed to handle the large amount of fast
sampling data acquired in instantaneous
measurements.

The effect of coolant flow rate in tubes on the
total heat transfer coefficient is probably worth
examining.

Calibration of the radiation detector should be done
under a simulated bed condition to evaluate the
possible errors associated with the procedure
employed in this study.

Experimental results showed that a radiation
detector employing a sapphire windows would also
provide good measurements for the radiative heat
flux. The use of sapphire as a window material is a
possible alternative because it offers better
mechanical properties than silicon. Extreme care

must be used to minimize the thermal contact



13)

resistance between this window and the tube wall due
to its lower thermal conductivity (Table 2.2).

Some modifications of the fluidized bed facility are
probably necessary so that its functions could be
expanded. This includes increasing the air blower
capacity, improving particle handling procedures,
and an improved distributor plate design. The use of
a ceramic distributor plate instead of inconel would
likely solve the warping and leaking problems which

occurred during this and previous studies.
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APPENDICES

Appendix A, Temperature and Heat Flux Conversion

The heat flux sensors (No. 204551-1, RAF, Inc.)
employed in this study are self-generating transducers,
requiring no reference junction, signal conditioning, or
special wiring. The use of a HP-3497A high precision data
logger also aided in obtaining maximum resolution. Each heat
flux sensor was furnished with a ANSI type T (copper-
constantan) thermocouple and two multi-junction thermopiles.
A discussion of the conversion of voltage reading to

temperature and heat flux follows.

A.1 Sensor Surface Temperature

A software compensation (87) was used in the sensor
surface temperature (Tg) measurements. The temperature-
voltage relationship of any type of thermocouple is
nonlinear. Better conversion accuracy can be obtained by
storing the thermocouple table provided by National Bureau
of Standards (130) in the computer (87). A more viable
approach is to approximate the table values using a power
series polynomial. The voltage readings were converted to
temperature employing a polynomial fit for the type T
thermocouple in the heat flux sensor (9). In equation (A.1),
Vi is the thermocouple voltage reading, and V,..¢ is the
reference voltage obtained by converting reference

temperature to equivalent thermocouple voltage (82).
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Oy — 2 3 4
Tg (°C) = CE + C,E® + C3E° + C4E (A.1)
Where C; = 2.56613 x 1072
C, = -6.19549 x 10~/

C; = 2.21816 x 10711
Cy = -3.55009 x 10716

E = (Vg + Vpeg) x 10 & (E in uv)

This polynomial fit has an accuracy of #0.5 °C for
temperatures between 0 °C and 200 °C, which is within the
range of the sensor surface temperatures encountered in this

study.

A.2 Heat Flux
The heat transfer rate detected by the heat flux
sensor, Qy, is calculated from the following voltage-to-heat

flux conversion equation:

F(Tg) x V4

(A.2)

0O
Q
il

Cs

Detected heat flux (W/m2)

=
=2
[0}
~
[
©O
o))

Multiplication factor

o

Detected thermopile voltage (uV)

Sensitivity constant (uV.mZ/W)

0
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The multiplication factor, F(Tg), is a compensation for
the change of thermopile conductivity with heat flux sensor
surface temperature (Tg) . It is supplied by the manufacture
in a plot of F vs. Tg. A second-order polynomial fit was
performed to approximate F(Tg) between 50 ©°c and 180 °c. The

result is

F(Tg) = E5 + E;Tg + E,T.2 (A.3)
Where E, = 1.062806

E; = -2.794375 x 103

E, = 5.144126 x 1076

The constant of sensitivity (Cg) is a calibration
constant given by the manufacturer at 21 °c (70 °F). The

value of Cg for each heat flux sensor is listed in Table

A.l.
Table A.1 Heat flux sensor sensitivity constant
Probe No. #1 #2 #3
Radiation 0.17 0.20 0.18

Total 0.198 0.206 0.207
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Appendix B Error Estimation

B.1 Total Heat Flux Gauge

Three sources of error, as previously identified by
George (66), were presented in the total heat flux
measurements

(a) error due to heat conduction along the stainless steel
shim surface.

(b) error caused by nonuniform surface temperature in the
bubble contact region.

(c) calibration and data collection RSS (Root-Sum-Square)
error.

The first two are inherent errors of the gauges. George
(66) analyzed these two errors. The temperature drop across
the high thermal conductivity thin shim was found to be less
than 1.8 K at T, = 478 K. By neglecting the temperature
difference, a two-dimensional steady state heat conduction
analysis was performed to assess the ratio of heat flux
transmitted to the sensor to that absorbed at the upper
surface of the shim. It was found that about 2% of the heat
flux absorbed at the shim’s upper surface was not conducted
to the sensor’s active area.

A laminar thermal boundary layer analysis was conducted
to investigate the effect of (b) on the performance of the
total heat flux gauge. Note that this analysis applies only
when the gauge is covered by gas bubbles, i.e. heat is

transferred by pure gas convection. A reduction of about 4%
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in the total heat flux measurement was found using the data
of bubble contact fraction suggested by Catipovic (5,104),

equation (1.5).

RSS Random Error

The errors in (c), which are of primary concern in
terms of error estimation, are caused by operations in
calibration and in data collection. The local total heat

transfer coefficient (hg) is calculated from

Q C. V
Te - Ty Te = Ty
where
Cc = heat flux sensor calibration constant [= F(Tg)/Cgl

V4q = detected thermopile voltage

The Root-Sum-Square (RSS) random error for calibration

and data collection is given by Doebelin (55) as:

Ahy r AC AV (AT¢) 2+ (AT,) 2~ 1/2
(—)yan =t [(—)2 + (—)2 + — L — (B.2)
hy L cg Vg (T¢=Ty,)

RSS random error is then calculated using the
uncertainty in each quantity based on the manufacturer’s
specifications and the author’s operating experience. The
maximum possible random error for the experiments was found

to be



Ahy r ) ) (12)2 + (4)% 4172
(—)ran = £ |(0.05)¢ + (0.05)¢ + - >
hy L (812 - 420)“ 4

1/2
[(0.05)2 + (0.05)2 + (0.041)2 ]

l
“+

14
“+

0.08

Overall Error
The inherent errors in (a) and (b) are next added to
the random error to obtain the overall error

Ahy
(—)

overall
he

(+0.08, -0.08) + (0, -0.02) + (0, -0.04)

(+0.08, =-0.14)

It is concluded that the values of local total heat

transfer coefficients reported in this study are within the

range of (+0.08, -0.14) of actual values.

B.2 Radiation Detector

There are two inherent errors in the radiation detector

itself, as described in section 2.2.3. The worst, *+ 2.5%

variation in radiation heat transfer measurements, was

estimated due to the possibility of a nonuniform heat flux.

An overestimation of 1% was found due to conduction error

associated with the silicon window.
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RS8 Random Error

The black-tube local radiative heat transfer
coefficient (hyp) is calculated from
Qb Ca Ca Cc Vg

hyy = = = (B.3)
Te - Ty Tg - Ty Te -~ Ty

where
Cq = radiation detector calibration constant
Co = heat flux sensor calibration constant

Vq = detected thermopile voltage

Note that an extra calibration constant (Cq) which is
caused by the locally conducted calibration for the
radiative detector, is involved in the calculation of the

RSS random errors. The RSS random error becomes

' 2 2
Ah v T + AT 1/2
2B L (=2 s (g2, (a2, AT <y
hep ©50 L cq Cc Vg (Tg = Ty)®

(B.2)
Again, the maximum possible random error is calculated

employing the uncertainties in each term.

Ahpy (12)2 + (2)241/2

(

r 2 2 2
). =% [(0.05)% + (0.05)% + (0.05)% +
h,, Fan L (812 - 368)2

—_

1/2
[(0.05)2 + (0.05)2 + (0.05)2 + (0.033)2]

i
H

R
H

0.09
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Overall Error

The estimation of overall error in local radiative heat
transfer coefficient values reported in this study is

obtained by adding all of these errors together

Ahpy

7 (+0. -0. + (+0. -0. + (+40. 0
h, overall (*0:09, -0:09) + (+0.025, -0.025) + (+0.01, 0)
r

= (+0.125, -0.115)
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Appendix C. Tabulated Data

Experimental results for all test conditions are
presented in Tables C.1 through C.10, which list the time-
averaged local radiative (hyp) and total (hy) heat transfer

0°, 45°, 90°,

coefficients at different locations (a
1359,and 180° measured from the lower stagnation point of
the tube) and superficial velocities (Ug) - Also listed are
the spatial-averaged radiative values (Hrb), total values
(hy), and radiation contribution (f). Note that the data in
Table C.6 and C.9 are adapted from Alavizadeh (9).

Data for the experimental verification conducted for
the three window materials are listed in Tables C.11 and
C.12 in the form of local radiative heat transfer
coefficients (h.p) at two locations (¢ = 0° and 90°) for two
particle sizes (2.14 mm and 3.23 mm) and bed temperatures

(900 K and 1080 K).
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Table C.1

Results for D, = 2.14 mm and T¢ = 812 K (Tube Array)

_--------------------------------------------------------.b
I - — ——— — — —— — ———— — — — — ————— ———— — ————— ———— - — - -

Spatial _
Average h p 23.1 22.8 22.4 22.0 21.7 21.4 21.0

he 177 180 179 180 178 178 181

ht 178 173 162 149 53
a = 180 hrb 1306 1106 904 3.5 02 .0

ht 168 156 133 101 33 15
Spatial

Average Hrb 20.5 20.0 19.1 17.4 14.2 10.5
Ht 176 173 168 159 132 103

f 11.8 11.8 11.6 11.2 11.0 10.5

12.2

Upg = 1.60 m/sec fave
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Table C.2

Results for D, = 2.14 mm and T¢ = 925 K (Tube Array)

[ > —— — — —————— ——— ——— —————————— - —————— —— —— — — — —

Spatial  _

Average hp,, 28.9 28.5 28.3 28.0 27.7 27.5
Ht 184 185 188 190 192 193
£ 14.9 14.8 14.5 14.4 14.2 13.5
Ug 1.99 1.87 1.74 1.66 1.58 1.50

a=0 g 33.0 32.5 3.7 a1.0 29.5 5.1 ]

_________________________________________________________ .
a = 135 h. p 24.3 24.1 22.5 17.2 9.6 3.2

he 208 190 172 154 121 60
a = 180 h.p 20.0 17.4 13.3 7.7 3.1 .5

he 188 172 150 117 50 27

Spatial  _
Average h,y 27.0 26.4 25.1 22.6 18.0 12.6

Ht 189 183 176 165 143 112
£

13.7 13.8 13.8 13.0 12.1 10.9

Ups = 1.64 m/sec f = 14.1

ave



Table C.3

Results for D, = 2.14 mm and T¢ = 1000 K (Tube Array)

Spatial  _
hy 186 185 190 191 194 198
£ 16.4 16.1 15.7 15.1 14.8 14.4
U 2.17 2.04 1.89 1.75 1.66 1.59
hy 201 199 193 191 194 187

Spatial  _
Average hrb 28.4 28.1 27.2 24.9 21.0 13.9

hy 200 196 189 178 159 122
£

14.3 13.9 13.7 13.4 ‘13.0 11.4

14.8

Hh
i

Upf = 1.73 m/sec ave
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Table C.4

Results for Dp = 3.23 mm and T¢ = 812 K (Tube Array)

Spatial  _
Average hp 21.7 21.4 21.2 20.7 20.6 20.1

£ 12.7 12.4 12.2 11.9 12.0 12.0
U, 2.51 2.45 2.39 2.32 2.25 2.17

a=0 hy 25.1  24.3  24.5 23.6 22.7 19.1
hy 185 184 185 184 191 182

Spatial  _
Average hpp 19.9 19.4 18.5 16.9 13.4 9.4
he 171 167 159 148 128 104

£ 11.9 11.9 - 11.9 11.7 10.8 9.4

la]
i

Ung = 2.30 m/sec 12.0

ave



Table C.5

Results for D 3.23 mm and T¢ = 925 K (Tube Array)

[ - —— — — — —— —— —— — — - — — —— —— — —— — —— — — — — — —— — - —— ——— — —— —— )

he 201 196 189 195 192 183
spatial  _ T 1
Average h, 26.6 26.2 26.0 26.1 25.3 24.6

hy 179 180 178 180 182 183

£ 14.5 14.3 14.4 14.1 13.6 13.5

U, 2.59 2.51 2.43 2.35 2.27 2.20
a=0  hy 28.8 29.0 28.7 28.3 27.5 21.6

Spatial  _
Average h,p 24.5 24.0 22.9 20.7  16.2 11.3

h, 181 176 168 154 133 107
£

13.3 13.5 13.6 13.2 12.0 10.6

159



Table C.6

Results for Dp = 2.14 mm and T¢ = 812 K (Single Tube)

Spatial _
Average hp; 25.0 24.6 24.4 24.1 23.9 23.5 23.1

he 184 182 189 187 184 187 189

he 194 197 196 182 135 69
he 207 186 156 122 76 19

Spatial _
Average hrb 22.6 21.9 21.3 20.3 18.4 12.8

hy 188 189 186 173 153 113
£

12.7 12.3 11.9 12.2 12.4 11.5

Upe = 1.62 m/sec fave = 13.1
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Table C.7

Ug 3.25 3.01 2.73 2.48 2.30 2.15
a =20 hpp 35.1 35.3 35.8 35.5 35.3 36.0
he 179 183 185 191 183 185

he 202 200 201 209 213 215
=180 hy, 28.3 27.9 26.5 25.0 23.8  21.3 |

he 193 189 185 191 193 189
spatial _ T
Average hp, 33.5 33.2 33.0 33.0 32.5 32.1

he 191 195 197 202 204 205

£ 17.1 16.6 16.3 16.0 15.8 15.5

Up 2.01 1.88 1.77 1.68 1.59 1.51
a=0  hy 363 35.8 347 35.1 33.4  31.8

a = 135 hrb 29.5 29.3 28.5 24.3 17.5 5.4
ht 210 205 195 184 141 77

a = 180 hrb 19.8 18.6 16.4 13.1 8.6 3.1
ht 187 184 171 141 79 37

Spatial  _

Average hyy 31.9 31.5 30.6 29.1 25.0 18.5
h, 201 198 192 182 159 126
f 15.7 15.8 16.0 16.1 15.7 14.7

Unfe = 1.65 m/sec fave = 16.1

l61



Table C.8

Results for D, = 2.14 mm and T¢ = 1000 K (Single Tube)

Average Hrb 39.7 39.0 39.3 38.9 38.8 38.3

Spatial  _ _

hy 215 217 209 194 177 141
£

17.4 17.2 17.3 17.4 16.5 15.1

Une = 1.71 m/sec fave 18.0
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Table C.9
Results for Dpb = 3.23 mm and T¢ = 812 K (Single Tube)
Uo 2,62 2.52 2.45 2.38 2.33
ht 168 172 171 174 179
a = 45 h.p 25.6 25.2 25.9 25.3 25.8
ht 182 179 176 175 175
a = 90 h.p 24.7 24.3 24.5 24.4 24.5
ht 196 196 195 195 192
a = 135 hrb 22.9 22.1 21.9 21.3 20.7
ht 193 198 196 196 190
a = 180 h.p 21.1 17.6 16.2 13.8 8.3
ht 160 148 134 119 78
Spatial _
Average hrb 24.0 23.2 23.2 22.6 21.9
h, 184 183 180 178 171
£ 13.8 13.4 13.5 13.4 13.5
Uo 2.28 2.20 2.16 2.11
a=20 hrb 22.9 23.6 23.2 23.3
ht 191 222 228 235
h¢ 163 150 145 150
a = 90 hrb 23.7 19.3 19.6 18.2
hy 160 149 148 137
hy 145 133 126 111
a = 180 hrb 03 .0 03 ol
hy 23 20 19 19
Spatial _
hy 144 138 136 131
£ 13.2 12.1 12.1 12.1
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Table C.10
Results for Dp = 3.23 mm and T¢ = 925 K (Single Tube)
I Ug 3.28 3.17 3.05 2.92 2.80 2.70
a=0  hy 4.2 34.0  34.1 34.0  34.3  34.5 |
ht 174 172 175 180 181 180

Spatial  _
Average h. 33.1 32.8 32.4 32.0 32.0 31.8

b 4 17.6 17.3 17.2 16.9 17.1 16.9
Uo 2.61 2.53 2.45 2.37 2.29 2.21
a =20 hp 34.3 34.4 33.8 33.1 32.9 31.7

Spatial  _
Average h,, 31.5 31.3 30.4 28.4 24.0 19.1

Ht 196 193 189 174 148 119
£

16.4 16.7 16.5 16.6 16.5 16.3

Une = 2.33 m/sec fave = 16.9
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Table C.11

Local radiative heat transfer coefficient (hrb)

for Dp = 2.14 mm (Single Tube)

* Stands for silicon
# Stands for sapphire
+ Stands for quartz
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Table C.12

Local radiative heat transfer coefficient (hep)
for Dp = 3.23 mm (Single Tube)

Stands for silicon
Stands for sapphire
Stands for quartz



